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Abstract 

Ph. String compactifications with non-abelian gauge fields localized on D-branes, with 

background NSNS and RR 3-form fluxes, and with non-trivial warp factors, can 
naturally exist within T-dual versions of type I string theory. We develop a system- 
atic procedure to construct the effective bosonic Lagrangian of type I T-dualized 
along a six-torus, including the coupling to gauge multiplets on D3-branes and the 
modifications due to 3-form fluxes. Looking for solutions to the ten-dimensional 
equations of motion, we find warped products of Minkowski space and Ricci-flat 
internal manifolds. Once the warp factor is neglected, the resulting no-scale scalar 
potential of the effective four- dimensional theory combines those known for 3-form 
fluxes and for internal Yang-Mills fields and stabilizes many of the moduli. We 
perform an explicit comparison of our expressions to those obtained from = 4 
gauged supergravity and find agreement. We also comment on the possibility to 
include D9-branes with world- volume gauge fluxes in the background with 3-form 
fluxes. 
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1 Introduction 



Orientifolds provide a natural framework for string compactifications that can ac- 
commodate space-time filling D-branes, internal fluxes for the various tensor field 
strengths and non-trivial warp factors at the same time. 1 Since these are the main 
ingredients in many of the recent phenomenological investigations concerning low 
string scale models |2EI, moduli stabilization through flux-induced potentials jl]- 
pfK] . Randall-Sundrum-like warped compactifications I5T)| or any kind of brane 
world scenarios, they are of central interest among the classes of string compactifi- 
cations relevant for four- dimensional particle physics. They evade the powerful no- 
go theorems prohibiting warped compactifications with fluxes to four- dimensional 
Minkowski space [SH EH1 El] within the context of Kaluza-Klein reduction of 
supergravity, since in contrast to traditional supergravity theories they contain ob- 
jects of negative energy density like orientifold planes. However, type I models, or 
their T-dual descriptions usually called type I', are notoriously difficult to treat: no 
explicit description of the effective action of type I' models has been given. 2 The 
main purpose of the present paper is to remedy this latter point and provide the 
effective bosonic action for a certain theory T-dual to type I string theory, includ- 
ing the coupling of the supergravity fields to the non-abelian gauge theory sector 
localized on D3-branes, as well as the relevant modifications due to background 
3-form fluxes. More precisely, we construct the type I' model with 3-form fluxes, 
which in the absence of 3-form fluxes is dual to type I via six T-dualities. We 
consider this the simplest version of an orientifold with 3-form fluxes and D-branes 
and a starting point for phenomenologically more sophisticated constructions. 

The motivation to combine models with D-branes and orientifold planes (O- 
planes) with background 3-form fluxes comes from the fact that the former provide 
interesting non-abelian gauge fields, potentially with chiral charged matter, 3 while 
the latter add to the scalar potential of the effective theory, such that at least 
some scalar fields get massive and decouple. This removes some of the vacuum 
degeneracy, a necessary step on the way to realistic string models. The total scalar 
potential gets a contribution not only from the ten-dimensional kinetic term of the 
type IIB 3-form, projected to type I' and including a Chern-Simons (CS) correc- 
tion, but also from the Dirac-Born-Infeld (DBI) action of the Yang-Mills (YM) 
gauge fields supported by the D-branes. Both the 3-form flux and the gauge fields 

1 See PP for a comprehensive introduction to orientifolds. 

2 But for some information on M = 1 effective four-dimensional type I supergravity in a T- 
duality invariant formulation see |55j . 

3 For the most part of this paper we only consider D3-branes at smooth points of the back- 
ground, which do not lead to chiral spectra. Generalizations of the present model would need 
to include higher-dimensional branes with non-trivial gauge fluxes, singular geometries or with 
point-like intersections to support chiral fermionic zero modes (see e.g. 12)1 El 03] ) , a possibility 
which we also comment on in section |5l 
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add positive energy densities and the constraints that follow from the equations of 
motion require this energy density to cancel against the negative contribution of 
orientifold planes in a Minkowski vacuum. 

Within supergravity, scalar potentials can be generated by gauging isometries 
of the scalar manifold (for a recent review see [HUD- A systematic procedure can 
be applied to derive the form of the effective action. The effective actions ob- 
tained from string compactifications with fluxes have so far been understood as 
corresponding to gaugings of a particular type, namely abelian gaugings of Peccei- 
Quinn (PQ) isometries, i.e. gaugings of axionic shifts. The N = 4 gauged su- 
pergravity describing the type I' model at hand was studied in a series of papers 
jHOl IHIl Ell IHH EEI E21 HZ] • Here we derive the bosonic part of the effective action 
by explicitly performing the six T-dualities of type I and make contact with the 
formulas of |47j . that contains the most explicit formulation of the model, thus 
elucidating the correspondence between the field variables used in the supergravity 
literature and those naturally arising in string theory. A deeper understanding of 
the relation between string compactifications in non-trivial backgrounds and the 
gaugings of the relevant supergravity is certainly worthwhile. 

It is important to note that for our present purposes T-duality always manifests 
itself as a set of field redefinitions in the action. We are not going to transform 
a given vacuum of type I, but instead we transform the action for the dynami- 
cal degrees of freedom of type I string theory into a formulation in terms of the 
type I' fields after six T-dualities. In performing the six T-dualities we have to 
assume the internal space has six isometries (i.e. it is a six-torus). However, after 
performing the transformations one can reinterpret the resulting four- dimensional 
action as coming from a non-covariant ten-dimensional action of the type I' theory. 
In the ten-dimensional Lagrangian, the closed string fields are allowed to depend 
also on all the internal coordinates, while the open string fields only depend on 
world- volume coordinates (compare the discussion in ;63j). 

In deriving the full ten-dimensional action and the correct equations of motion, 
we have to make use of an important difference between type I theory and its T- 
dual version type I'. This difference permits us, for the type I' theory, to include 
complex 3-form fluxes and other non-dynamical backgrounds even though their 
fluctuations are projected out. This comes about by noting that the world sheet 
parity Q which is "divided out" in getting from type IIB to type I string theory is 
mapped to f20(— 1) Fl under T-duality. Here is the reflection of all internal di- 
rections x l and Fl the left-moving space-time fermion number operator. A field of 
type IIB that was odd under Q has to vanish at any point in type I theory, whereas 
a field odd (even) under f2©(— 1) Fl is only required to be antisymmetric (symmet- 
ric) under x % \— > — x 1 in type I' theory. The zero-mode fluctuations of the bosonic 
fields are constant on a torus and therefore have to be even under QQ(—1) Fl . On 
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the other hand, one can keep all kinds of background terms, which naively do not 
appear in the action for the fluctuations obtained from the type I action by T- 
duality. Thus, even though the fluctuations of the internal components of the two 
antisymmetric 2-tensors of IIB are projected out, one can include a background 
flux for the two 3-form field strengths (which are even under f2©(— 1) Fl , such that 
their corresponding potentials are odd), generating a potential for the closed string 
moduli. This is the reason why one is interested in the T-dual version of type I 
in the first place. In addition also the odd component of the field strength F 5 
with one or five internal indices can take on a background value as long as it is 
antisymmetric under x % \— > — x % . This is important to find explicit solutions to the 
ten-dimensional equations of motion as a non-trivial profile for C4 is needed for 
D3-branes or 03-planes to exist. 

In order to derive the action of type I' including the non-dynamical background 
terms in the sense explained above, we combine two different strategies. First 
we employ six T-dualities of the type I action. This produces an effective action 
equivalent to the type I action and therefore including all the consistent couplings of 
bulk supergravity and non-abelian gauge fields. However, as we already mentioned, 
this requires the fields to be independent of the internal coordinates. In particular 
we cannot include any torsion for the metric and therefore it is impossible to 
directly derive the effects of NSNS 3-form flux in the T-dual theory this way. 4 We 
then add in modifications due to fluxes for the NSNS 3-form and F 5 . The fact that 
this adding in by hand is not arbitrary and can be performed in a well defined and 
systematic manner rests on the twofold definition of type I': 



This means the closed string sector of the theory can be deduced from the fact 
that it is given by projecting the effective action of type IIB by the T-dual world 
sheet parity. This second definition does not give any prescription how to incor- 
porate the gauge fields, but combined with the knowledge of the T-dual action 
of type I, it provides enough additional information to include the closed string 
background fields. Thus, the T-duality of type I and the T-dual projection of type 
IIB are complementary regarding terms involving the open string fields and the 
non-dynamical background fields such as the NSNS 3-form flux, respectively. 5 The 
resulting action then serves as a four-dimensional effective action for a comparison 
to the Lagrangian of the gauged M = 4 supergravity as mentioned already. Rein- 

4 T-duality in the presence of NSNS flux and the corresponding non-trivial metric configura- 
tions have been discussed in (64 65, 66, 67 (see also |HH1 123120113© 48 for analogous works on 
the non-Kahler vacua of the heterotic string). However, there T-duality is not performed along 
all the internal coordinates. 

5 In [721 the effect of fluxes in the world volume theory of branes has been analyzed from a 
different point of view, resting on anomaly constraints. 



T — duality of 
Type I 



Type IIB 
fl6 (-I)*"* ' 



(1) 
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terpreted as ten-dimensional, we can use it to study more general vacua than torus 
compactifications as well. 

The solutions for the ten-dimensional equations of motion generalize the situa- 
tion without gauge fields considered e.g. in |5T]I21|. As in that case, one can find an 
explicit solution in the form of a warped product of four-dimensional Minkowski 
space and a Ricci-flat internal metric involving also a non-trivial profile for the 
components of F 5 that respect four-dimensional Poincare invariance. The appear- 
ance of the warp factor has several implications. On the one hand, warp factors 
have been argued [HiJ ED HEO to be able to generate exponential hierarchies be- 
tween the effective energy scales at different locations on the internal space, such 
that gauge fields localized on different D-branes may experience suppression or 
enhancement of gravitational and gauge-theoretical effects. On the other hand, 
the appearance of the warp factor implies that our actual starting point, a direct 
product I 4 x T 6 , no longer solves the ten-dimensional equations of motion. Thus, 
in principle, the warp factor should be taken into account in a dimensional reduc- 
tion. However, in the large volume limit the warp factor scales to a constant away 
from singular sources, and it has been argued that one may completely neglect it 
in this limit 21J. At the classical level, the overall volume is a free parameter, 
as is manifest from the no-scale structure of the effective potential (see [ZSl Ej 
for its phenomenological implications). Thus one can choose an arbitrarily large 
value and consider the direct-product ansatz as an approximate solution. However, 
as soon as quantum corrections to the effective four- dimensional action are taken 
into account, this line of reasoning should be modified, as they seem to spoil the 
no-scale structure [221113] ■ The same is true if one modifies the model by including 
higher-dimensional branes [JH1 HEj- These are in principle capable of fixing the 
overall volume, but in any attempt to do so one has to make sure that this is done 
at a value sufficiently large that one can still neglect the warp factor, if the four- 
dimensional effective action derived via dimensional reduction is to remain reliable. 
In this context we also include some comments on the perspectives of fixing the 
overall volume by adding world-volume gauge fluxes on calibrated D9-branes. It 
appears that a fixing of the volume at the string scale would be difficult to avoid, 
which could invalidate the effective approach. 

The paper is organized as follows. In section El we develop a systematic pro- 
cedure to apply T-duality to type I string theory on the level of the effective La- 
grangian including the coupling to gauge fields, and show how to add modifications 
due to 3-form fluxes in the background. In section El we discuss the effective poten- 
tial that arises through this procedure in some detail, its relation to the formulas 
known from gauged supergravity, and the truncation to M = 1 supersymmetry. 
In section H] the equations of motions are derived and various forms of constraints 
produced. We also discuss briefly how the four- dimensional effective action of the 
previous sections can be justified by the large volume scaling argument. In sec- 
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tion E] we finally add a couple of comments on the addition of higher-dimensional 
D-branes subject to certain calibration conditions. The appendix collects some 
technical material and additions to the main body of the paper. 

Before getting started, let us mention the following caveat. Unfortunately, 
there is no standard definition of the Hodge-star in the literature about the class 
of models under consideration. Our definition, given in appendix IA.ll differs from 
the one used e.g. in |2TJ 123 but coincides with the one used in j3U EI3 EH HZj- 
Thus, what is called an imaginary self-dual (ISD) 3-form flux in [23 El Elj is 
imaginary anti-self-dual (IASD) in our conventions and vice versa. 



2 Construction of the action via T-duality 

In this section we perform six T-dualities of type I theory. This operation defines 
the effective action of type I' on the dual six-torus. The main objective, then, is 
to find the modifications in the action when complex 3-form fluxes are added to 
the background, following the philosophy outlined in the introduction. We first go 
through the procedure ignoring the coupling to the non-abelian vector fields of the 
open string sector, and only then reconsider the full model. 

Our starting point is type I supergravity, which, including the coupling to non- 
abelian vectors of the gauge group SO (32), is described by the action 

Si = [d 10 xV^(e-™{R + 4dr<f>d*$)-hh\ 2 ) 

10 *J 

d 10 x^je-*tr\T\ 2 , (2) 



"10 

1 

Wo 



where T = \T% [N T a dx M A dx N is given by 

f« _ OA /, 

N] 



^mn — 2<9[Af^4jv] + f abc A b M A c N (3) 



and we use the definition 



F 3 = dC 2 - (4) 



9io 

with u> 3 the gauge CS 3-form 

u 3 = tr AdA — i^A AAA A^j . (5) 

In general one defines the Chern Simons forms u)2j-i by 

du2j-i = tr JF J . (6) 
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Except for all the terms involving the vector fields, the type I action (J2J) is obtained 
by quotienting world sheet parity Q out of the type IIB action 6 



jlO™ / ~ / „-2* / D i A p> *Q/i* | rr |2 



Sim = I d w xV=g[e~' 9 [R + ^d^--\H 3 \ z ] (7) 



1 ' ' - |2 , I ci |2 , 1 I |2 » » 1 



} F 1 \ 2 + \F 3 \' + -\F 5 \ 2 \ I / C A AdB 2 AdC 2 



with 



F 3 = dC 2 + C dB 2 , 

F 5 = dC±+ l -C 2 AdB 2 - l -B 2 AdC 2 (8) 

and H 3 = dB 2 , Fi = dC^. After modding out Q, only the RR 2-form enters (J2J) via 
F 3 = dC 2 , while the NSNS 2-form B 2 is projected out. Similarly, the T-dual version 
is a truncation of the type IIB theory (modding out the T-dual ^-projection ((H)) 
coupled to vectors. The duality operation then replaces the degrees of freedom 
{gu, C 2 , $} of type I by those of type I', which are 



1 graviton 
12 gauge bosons 
38 scalars 



9ij , Ci jk i , r = C + ie® . (9) 

In terms of Af = 4 supersymmetry, these make up a spin-2 and six abelian vector 
multiplets. In addition, there are vector multiplets with bosonic field content 
(A a y Af) in the adjoint of the gauge group, a subgroup of SO (32). These fields 
are referred to as open string fields and arise from the presence of D3-branes, the 
T-dual images of the D9-branes of type I. The 09-plane of type I theory splits into 
64 03-planes, but in the presence of fluxes the number Nd 3 of D3-branes needed 
to cancel their charge is no longer fixed. Rather, turning on 3-form flux modifies 
the tadpole condition to [2T] 

iiV flux + N D3 = 16 , (10) 

thus effectively replacing some of the D3-branes by flux. The precise form of iVfl ux 
will be given later, cf. (|9*T|) . 



2.1 T-duality rules 

For some of the conventions used in the following we refer the reader to the ap- 
pendix. Using the standard Kaluza-Klein (KK) ansatz for the metric 

ds 2 l0 = gjjdx^x- 7 = g^dx^dx" + G^dy 1 + A i fl dx fl )(dy j + A{dx v ) , (11) 
6 The issue of the self-duality constraint on F$ will be dealt with later. 
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the transformations of the NSNS sector can be deduced from e.g. [TH]. The formulas 
for the replacements according to dualizing all six circles simplify for type I to 



Gij G ij , i-> , (12) 

and 

9flk ^ G kl B^. (13) 

This last operation (fT3|) amounts to replacing the KK vectors by A 1 ^ \— > B^, since 
5Vfc = GikA 1 ^. Finally, the dilaton transforms according to 



2$ 

(14) 

Note that we do not distinguish the fields of type I or its T-dual from their an- 
cestor fields in type IIB, since we identify the effective action that is obtained by 
projection from type IIB with that of type I (respectively its T-dual) when the 
open string vector fields are set to zero. 



The transformation properties of the RR fields on a higher-dimensional torus 
can be found e.g. in jZ3 IEU EH] • We will stick to the formalism of jZJJ here, which 
leads to the same results as the one of [OH EB] ■ It was shown there that the type 
IIB equations of motion for the action (J7J) can alternatively be derived from an 
action that is manifestly invariant under T-duality, where the second line of (J7J), 
the kinetic terms for the RR forms plus the CS term, is replaced by 7 

1 5 

Srr+CS ~ TT^T ^ \ F 2g-i\ 2 ) ( 15 ) 

8K io q =l 

and F p is now defined more generally as 

5 4 

J2 F ^ = e ~ B2A J2 dD ^- ( 16 ) 

5=1 g=0 

It is important that no CS term needs to be included explicitly in (fTHjl. It would 
appear automatically if one dualizes the forms of high degree, see [77] for more 
details. The D p transform in the spinor representation of 0(6, 6, Z) [771 IM] ITS]. 
To complete the definitions note 

D Q = C , D 2 = C 2 + C B 2 , D 4 = C 4 + ^B 2 AC 2 + ^C B 2 2 , (17) 

and 

* F 1 = F 9 , *F 3 = -F 7 , *F 5 = F 5 , (18) 
7 A similar democratic version of type II supergravity was discussed in |79| . 



8 



the latter to be imposed after deriving the equations of motions from the action. 
One can actually give a more explicit definition for the field strengths of higher 
degree and we will use this later in (J89j) . see e.g. 



n . , A I f. . Wi-'e n (iq) 



We are now interested only in the particular element of the whole 0(6,6, Z) 
symmetry group that corresponds to (fT2*|) . This element is given by 8 

.-|\n(n-l)/2 
(6 — n) 

where the hat on e means that here the epsilon-symbol takes values e 1 *" 6 = ei...6 = 
1 and the indices are contracted with Kronecker-deltas instead of the metric. To 
write (j!9|) in terms of tensor quantities, one has to factor out the determinant 
G = det(Gjj) from the internal metric to cancel the factor G appearing in the 
contractions, that is 

(_l)n(n-l)/2^j 

(6-n) 

Now ei.„6 = VG, e 1 " 6 = l/VG and indices are contracted with Gij. The field 
strengths F p can be transformed in a similar vein, by simply replacing D p with 
dD p in (J20|) 64 . Thus the components of the RR 3-form field strength have the 
following transformation properties 9 



± ^fj,l.../l q ll...l n (p . \| C - Ly /il...^q2 n + 1...26 • 



{0,3} 


VG 


ijk 


3! 


{1,2} 


\/G 




4! 


{2,1} 

■ 1 — > 


Vg 


iwi 


' 5! 


{3,0} ^ 


\/G 


fiup 


' 6! 



eK*^" - ^ Hmn (^6)i 2 iU » (2i) 

It is evident that the T-dual of the type I RR 2-form also includes RR forms of 
degree six and eight, which we later dualize to forms of lower degree. Finally, 
according to [EHj the internal components of the non-abelian vectors are mapped 
via 

A1 i-> A ai , (22) 

which is easily applied to T and uj^. It is important to note that the A ai are 
actually the independent dual open string moduli, in other words, the dual scalars 
A? depend implicitly on the metric. The same is then true e.g. for Tij and ofy-fc. 

8 Note that the overall sign is arbitrary. The derivation of the transformation rules from the 
rules given in [JJ] is performed in the appendix (but see also [ZED- 

9 Once more, we would like to refer to the appendix for the definitions of the notations used 
here. The upper indices {p, q} refer to the bi-degree as forms on the non-compact and internal 
part of the ten-dimensional space-time. 
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2.2 T-duality without vectors 

We now apply the rules assembled in the previous section, first to the pure super- 
gravity part of the type I bosonic action. Our starting point is (J2J) with the vectors 
erased, 

S l [A = U] = ^J d l \^g(^e- 2 *{R + Ad^d^)- l -\F^ , (23) 
which we split into 

Si[A = 0] =Snsns + Srr • (24) 

Let us consider the NSNS part first. Using the rules of the last section and the usual 
form of the NSNS action on a torus (see e.g. (2.17) of JED]), it is straightforward 
to verify that it is mapped as 



°NSNS 

ZK 10 

where we defined 



d 10 x V=ge- 2 * (r + 4d^d^ - ^G ij H ifl1/ H^ , (25) 



Hj va = 2d[ u B a ]j . (26) 

Note that after T-duality the metric in (J2j) has no off-diagonal components and 
that the original Kaluza-Klein vectors have been mapped to components of the 
NSNS 5-field Pfll. 

Let us now consider the RR part. There is a helpful trick to make the appear- 
ance of the KK vectors explicit 77] . Using (|11|) one can rewrite the kinetic terms 
for the RR forms as 

\ F p\ 2 = \ F p\a 13 ,g^ (27) 

by redefining 

On the left-hand side of ()27|) the contractions are performed with the full metric, 
whereas on the right-hand side, the off-diagonal part is omitted and absorbed into 
a redefinition of the field strength. In other words, defining new forms as in (|2*%|) 
one can perform all contractions using the internal or external components of the 
metric only. In the dual theory Fp = F p and we can omit the prime. Using (|2ip. 
we obtain 



(F>\{n,3~n} / 1 \(3-n)(2-n)/2 h...i 6 (J? \{n,3+n} /r, q \ 

K- r 3J K ... l ini 1 ...i 3 -n V L > (^3 + n )| y r 3+2n) fJ , 1 ... fln i 4 _ n ...i 6 ■ \^ ) 

The right-hand side exactly takes the form of (fTB^) subject to the projection in the 
T-dual model. This is because the KK vectors of the metric, that appear in the 
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definition (J28|) of F%, are mapped to those of the NSNS 5-field exactly in a way 
required by (fTtjj) . Applying (|2~§j) in (|2^j) maps the RR kinetic term according to 

- -V / Av^l^sl 2 - -V / (if ' 6 > A *F 9 {3 ' 6} + if - 5 > A *if 5} (30) 

+if ' 4} A *if ' 4} + if 3 > A *if 3} ) , 

where the Hodge star * is with respect to the ten-dimensional T-dual metric. In 
applying the T-duality rules of section 12.11 along all six internal directions, we 
have to assume that none of the fields depend on the internal coordinates. This is 
in particular true for the metric components (jllj) . Thus we do not consider any 
non-trivial spin connection for the metric before T-duality. From the results of 
EEJ EEE Ell this implies that we are not able to produce any non-trivial NSNS 
flux directly via T-duality and in ()3()j) we implicitly assume (gLE^)^ ' 3 -^ = 0. 

In principle (|3U|) gives all the terms in the T-dual theory that come from the 
RR 3- form field strength of type I, including a purely internal part if ,3 ^. In order 
to make contact with the standard form that would be obtained from type IIB by 
the T-dual projection, which involves only field strengths of degree five and lower, 
we next remove the RR forms of unconventionally high degree from the action in 
favor of their dual forms. According to the standard procedure (see e.g. |HI]) this 
would amount to imposing the Bianchi identity for if and if ' 5 ^, respectively, 
via Lagrange multipliers and then integrating out if 6 ^ and if 5 \ leaving the 
Lagrange multipliers as the dual degrees of freedom. However, in the presence of 
3-form flux if 3 -^ this method does not seem to be applicable in a straightforward 
way. 10 We therefore follow a different strategy, first setting also the RR 3-form flux 
in (J30|) to zero. For this case we perform the dualization of if 6 ^ and if and 
only afterwards infer the effects of non- vanishing flux in the effective action. 

So let us for the moment consider ()30|) without the 3-form flux. In order to 
dualize if ^ we impose its Bianchi identity by adding a Lagrange multiplier term 

5S = -^ ! Cod^>(itf w} +B^ . (31) 

10 v 

We called the Lagrange multiplier Co, anticipating that it will be identified with 
the RR scalar in a moment. This becomes clear by inspection of its kinetic term 

10 The problem derives from the fact that if one naively imposes the Bianchi identities of 
Fg 3 ' 6 ^ and if one generates terms involving different components of the RR field strengths 
as appearing in l|30[) . like e.g. Fj 4 ' 3 \ Their proper treatment requires one to use a democratic 
version of type I supergravity, involving Ci and Cq on the same footing before T-duality, cf. 
appendix El After T-duality this would also include kinetic terms for if :3 -^ etc., which make it 
possible to properly dualize these components. 
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(|34|) below and by comparison with the (truncated) type IIB action. A partial 
integration in the first term of (j31|) leads to 

SS = -L I (dC )W A F 9 {3 ' 6} - -V f C (dB 2 )W A if' 5} . (32) 

Now integrating out Fg 3 ' 6 ^ through 

*F 9 {3 ' 6} = (dC ) {1 > 0} (33) 
and plugging this back into the action produces a kinetic term for Co: 

-V / (^o) {1 >° } A *(dC )^ = _ J_ f d io x ^- g \ F ^y . (34) 
4k Io J 4k Io J 

If we next want to integrate out ' ! we impose its Bianchi identity by adding a 
Lagrange multiplier term 



= 2^5" / Cf 1} A d^(F^ } + 5 2 {1 ' 1} A dD^ } ) . 



(35) 



Again we anticipate that the Lagrange multiplier is identified with the RR 2-form, 
as can be read off from ()38j) below. Then it is also clear that the only relevant 
component of C 2 is Cj 1 ' 1 ^. Performing a partial integration for the first term of 
(|3*3jl leads to 



SS = f (dC 2 )™AF^ + -V / (C^ A (dBa)^ 1 

42,5} 



} A(c/C 4 ) {1>4} . (36) 



Together with (J3*2j) . integrating out F7 ' now gives 

* F 7 {2 ' 5} = -(rfC 2 )^ 2 ^ - C (rf J B 2 ) {2 ' 1} . (37) 
Inserting this into the action we obtain the kinetic term 

f ((dC 2 ) {2 ' 1} + C (dB 2 )^) A * {(dC 2 )^ + C (dB 2 )^) (38) 



"10 



1 



4k- 2 



and a Chern-Simons term 



S CS = / (dCa)^ A (dBa)^ A Q {0 ' 4} . (39) 

In this way, rewriting the T-dual of the type I action in terms of potentials with 
degree up to four produces the correct CS term that one expects from truncating 
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type IIB, even though type I does not possess such a term on its own. In all, 
this action is exactly what one would get from a reduction of type IIB subject to 
imposing the self-duality constraint on F$, as we verify in appendix iBl 



Let us now study what changes should occur due to inclusion of 3-form flux. 
As was explained in the introduction, we make use of the fact that type I' theory 
with all non-abelian vector fields set to zero is a truncation of type IIB by modding 
out the T-dual projection (£[]). It is obvious from the last term of (j3*Uj) that a scalar 
potential appears in the presence of flux. From (|3()j) we would infer a term 11 

- -L / d^ x ^-g\Ft 3} \ 2 , (40) 

where, as mentioned below (|3()|). only a F^ ' 3 ^ = (dC^ 0,3 ^ term arises directly 
from T-duality. However, comparing to the type IIB action truncated by (fTj). the 
expression ()4())1 for the potential receives an additional contribution from the NSNS 
sector of the type IIB action, i.e. from the term 

--V/A^lfff 1 ! 2 , (41) 

and another modification due to the fact that the RR 3-form field strength actually 
appears in the combination (jHJ). Then the total potential can be expressed via the 
complex combination 

G 3 = dC 2 + rdB 2 = F 3 + ie~*H 3 , (42) 
where r = Co + ie~*, in the form 

Spot = -tV / Av^lGf' 31 ! 2 • (43) 

Coupling the theory to the D3-branes will, besides other modifications, give rise 
to further contributions to the potential, coming from the world-volume scalars 
and from the tension of the branes. From the point of view of the truncated type 
IIB theory, P3"j) is the obvious part of the potential, while from the point of view 
of type I' it is the other way around and (pl3*|) cannot be derived directly via T- 
duality. Since the internal components Cj ' 2 ^ and B^ ' 2 ^ are projected out of the 
spectrum, G.!, ' 3 ^ is not a flux for any (dynamical) field strength in type I', but just 
some antisymmetric background parameter. It is then not obvious that a potential 
term (|43|) can appear as part of a consistent modification of the Lagrangian that 

11 Calling this term a potential is slightly imprecise, as 1)40(1 is still a term in the T-dual ten- 
dimensional action. What we mean is of course that this term leads to a potential in the effective 
theory - after dimensional reduction. 
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allows supersymmetry to be preserved on the level of the action. It can be deduced 
from a comparison with type IIB, but the systematic approach to determine such 
potentials is through gauged supergravity [SH EH1 HZ] • 

Furthermore, the kinetic term for the scalars c| ' 4 ^, i.e. the penultimate term 
in (|30jh is modified in the presence of fluxes. Again, via T-duality one can only 
infer a correction Fg 1 ' 4 ^ = (dC^ 1 ^ — -B^ 1 ' 1 ^ A (dC 2 )^ 0,3 \ but comparison with 
type IIB (JHJ) shows that actually the combination 

F 5 {M} = (dC A )^ - X -B { ^ A (dC 2 )^ + ic 2 {1 ' 1} A (dB 2 )^ (44) 

appears. Finally, when dualizing Fg 3 ' 6 ^ and Fj 2 ' 5 ^ one would in principle have 
to adapt their Bianchi identities in (p?T]) and (J35J) . Fortunately, this would just 
influence the resulting Chern-Simons term and not the kinetic terms for Co, Cj 1,1 ^ 
and -B^ 1 ' 1 ^- Hence, the kinetic terms in the RR sector after T-duality are 

4/C 10 J v 

+ \(dC^ - \b^ 1] A (dC 2 )^ + l -C^ 1} A (dB 2 )^\ 2 ) 

= ~Wo I dl ° X ^ ( |Fl{1 '° }|2 + |F3{2 ' 1}|2 + |F5{M} ' 2 ) • (45) 

We see that under a gauge transformation of the Kaluza-Klein vectors C^ 1 ' 1 ^ and 
By 1 ' 1 ^, the scalars C|°' 4 ^ have to transform in order to render their kinetic term 
gauge invariant. This complication can be turned to our advantage in that it 
reveals the necessary modification of the CS terms as in [60J. The Chern-Simons 
term must be modified to 

2<<S CS = J(dC 2 )^A(dB 2 )^AC^ } 

_ I J C V' 1} A (dB 2 )^ A 5 2 {1 ' 1} A (dC 2 ){°' 3 > 

-if B ^ 1} A (dC 2 )W A C 2 {1 ' 1} A (dB 2 )^ . (46) 

In summary, the RR part of the action (without vectors) is of the form 

<Srr = S po t + 5kin + <Scs > (47) 
where <S pot , iSkin and Scs are given by (|4*Hjl . (|43|) and (|4l)|. 



14 



To illustrate the notation let us write out the covariant derivative for the axions 
descending from C 4 . Since the only dynamical components of B 2 and C 2 are B^ 1 ' 1 ^ 
and C^ 1 ' 1 ^, the last term in ()45|) is proportional to the square of 

d^C^u - 2{B 2 )^{dC 2 ) jkl] + 2{C 2 )^{dB 2 ) m . (48) 

In order to make contact with the standard conventions in supergravity, as used 
in [2E1 OH EZI m particular, let us introduce a different parameterization of the 
axionic scalars 

^ V G 

{B 2 )^[i{dC 2 )j k i] = —-eijkimn(~ k dC 2 ) mnp (B 2 ) tJ/P , (49) 

o 

and similarly for the third term, with * denoting the six-dimensional internal Hodge 
operator. This leads to a covariant derivative 

= + \^G{*dC 2 r k {B 2 ), k - l -^G{*dB 2 r k {C 2 )^ (50) 

for (3 tj . Note that the combinations VG(-kdC 2 y jk and VG(-kdB 2 y jk are actually 
constant, independent of the metric, for constant background fluxes (dC 2 )ijk and 
(dB 2 )ijk- They correspond to the flux parameters /^ Sr °f t 34j, while the serve 
as axionic moduli also independent of the metric. Later we will come back to the 
precise relation between our notation and the one used in [33 EZI- I n the light 
of (|2"T|) . the reparameterization (j4*9|) just reintroduces the T-dual variables, which 
reflects the fact that the dependence of mass parameters on the radii of the torus 
was found to be inverted in [H4*j . 



2.3 Coupling to vector fields 

In the previous section we have performed the T-duality of the type I action without 
vector fields, reorganized the RR forms to be able to compare to the truncated type 
IIB action, and then deduced the modification due to 3-form fluxes. We now want 
to add in the CS correction appearing in (0J) and the Yang-Mills action for the 
vectors. Thus, our starting point is now 0. In order to T-dualize we need to 
make the appearance of the KK vectors in the terms involving T and 003 explicit. 
Let us take T first. On a torus we have 

^ = D,A1 = d,At + f ahc A\A\ , 

J% = r hc A\A). (51) 

Our notation does not distinguish scalars A{ from vector fields A^ and we do not 
use a background gauge flux /?■. This is related to the fact that we intend to stick 
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to D3-branes after the T-duality. We shall come back to this point later. As in 
pSj) we introduce the components of T' as 

spta pa in At pa , pa ai A3 

where J-^n * s defined as in flSJ). Using new vector fields, invariant under KK gauge 
transfer mat ions , 

A a _ Ad _ AH A% (ro\ 

it is straightforward to verify the relations 

Ki = AA°, (54) 



[Ml A* I ' 

fiv fil> 



where we used 



cabc 7b 7c 



T% = 2d { ,Al ] + r c KAl. (55) 

Thus, using (|22j). the kinetic term for the vectors is mapped as follows under T- 
duality: 

J d 10 x^e-*tr\F\ 2 ^ J d 10 x^/=gle-* (G ij g' u 'D lt A ai D v A a ° 

+ \gr<T{^ + Hi^«){?^ + H jlH ,A«) (56) 
+ -G ij G kl f abc f ade A bi A ck A ci >A el 



where now 



A a =A a_ A ai B ^. ? (57) 

and Hin U is given by (|26|). The term in the last line of (jHEj) represents a contribution 
to the potential for the open string fields and can also be written as tr| J 7 ^ ' 2 ^ 2 up to 
a constant. Notice that (J51)j) is separately invariant under the gauge transformations 

B^i -> + , (58) 

with A® and A a% inert, and 

K + ^ + / a6c ^te c , A ai -> A ai + f^A*? , (59) 

with S M j inert. 
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Let us now turn to the mapping of oj 3 under the duality transformation, shifting 
to uj' 3 as before. It is given by 



,,{0,3} _ Lmrnn^im 

MS „ e^(i M ^-i(5 2 )S 1} (W ' 3} 



- ^' Wmn MS } , (60) 



Z^ 2 ' 1 } ^jWmn ( l 1 / ,{2,5} 

-^(5 2 )f^| } (*W3)JJ|£ot + 23!^" B ^Si| } (' B2 )?fe 1} (*^ 3 )fmn } J 



+ 2 41 ( B * ) Si 1 ( 52 ) Si | 1 (^^3 ) ^umn 

Since * denotes the six-dimensional internal Hodge operation, *co> 3 is a formal sum 
of forms of degree 3, 5, 7 and 9: 

★ cu 3 = (^ 3 ) {0,3} + (*w 3 ) {1,4} + (^s) {2 ' 5} + (^ 3 ) {3 ' 6} • (61) 
Together with fl21(l we can then write 



/p/\{p,3-p} ( 1)P(P 1)/2 \/G ^ i3 _ p?1 7 - 3+ , -{p, p+3 }, 

l r 3^i.../i p ii...i 3 - P (p + 3)! v- r 3+2p ) m-tivOi-ja+p i !U ~' 

where we have defined 



zMp,p+3} 

^3+2^ 



d / , 1W „ \ {q,q+3}-\ ip,p+3| 



{p,P+3} 



9=0 



with the abbreviation 



1 = -T7^- (64) 



Using this rule, (|3*0)l now becomes 

- J d w zV=j\F a \> - ^/(^ 3 ' 6} A*Ff 6 > + F 7 ^A*F 7 ^ (65) 



The potential term |F 3 ^°' 3 ^| 2 is now modified due to the open string scalars. For 
vanishing 3- form flux and taken together with the potential term of ([56)1 . this is 
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the potential known also for the heterotic string 

To eliminate the RR forms of high degree, we now follow the same procedure 
as before and assume vanishing 3- form flux while dualizing Fg 3 ' 6 ^ and Fj 2 ' 5 \ In 
order to dualize Fg 3 ' 6 \ we impose its Bianchi identity by adding the Lagrange 
multiplier term (anticipating that the Lagrange multiplier will be identified with 
the RR scalar as in (pTTjl ) 

5S = / C d^ \P™ + B 2 {1 ' 1} A (dD 6 )™ - \{B\ 1M ? A (dD 4 )^> 

2k w J L 2 

+ 7 ((^3) {3 ' 6} -5 2 {1 ' 1} A(^ 3 ) {2 ^ (66) 
-\(B^f A (^ 3 ) {M} + liiB^r A (W°< 3} ); 
= oV / (^o) {1 '° } A Ff 6} - -V / C \(dB 2 )^ A 5} 

ZK 10 J 2K 10 J I 

+ d™ ( 7 (*0, 3 ) {3 ' 6} ) " 5 2 {1 ' 1} A d {1 ' 0} ( 7 M {2,5} ) 

- 1(5 2 {1 ' 1} ) 2 A d^ ( 7 (*o*)<*>) + ^(5 2 {1 ' 1} ) 3 A d™ ( 7 (^ 3 ) { °' 3} ) ^ • 

Integrating out fJ 3 ' 6 ^ leads to the same result as in (|34|) and the only difference, as 
compared to the case without vectors, appears in the structure of the Chern-Simons 
terms. To replace F^ 2 ' 5 ^ we add 



6S = 2. 



l T j C^ 1} A d^ (F 7 {2 < 5} + 5 2 {1 ' 1} A dC\ 1A} (67) 
- (^ 3 )^ 2 ' 5 > - B^ 1} A (ao*)^} + l -{B^ l} f A (*t, 3 )<°> 3 > 



Again, integrating out Fj 2 '^ leads to the old result (|38p. Further, apart from the 
kinetic and potential terms given in (J54*j) . (J3~8"j) and the second line of (J55|) . we 
obtain the following Chern-Simons terms 



S CS = ^/^((^ 2 ) {2 ' 1} - C 'o^ 2 ) {2 ' 1} ! 

A + Bj 1 ' 1 * A (*u 3 ) {1 ' 4 > - ^(5 2 {1 ' 1} ) 2 A (^ 3 )<°' 3 >) 

+ (dC ) {1 '° } A ( (^ 3 ) {3 ' 6} - B 2 {1 ' 1} A (^ 3 ){ 2 ' 5 > 



- - B 



2\ z J y °' 3! 



+ [ (dC 2 )W A (dB,)^^ A Cf 4} . (68) 



ZK 10 
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Using the definition 

F jflv = 2d [fl C u]j , (69) 

and the expressions 

M, up = QAld u A a p] +2r bc A«AlA c pJ 

(w 3 V = 2^ ] A oi + 2A oi ^ ] + 2/ aftc A^ ci , 

(wa)^" = -2A a[l d^A aj] + 2f abc A a p A bi A cj , 

{u 3 ) ijk = 2f abc A ai A bj A ck , (70) 

one finds 

2(^3)^ + ^iii(^3)^*' ? - 2 B [v\j\ B v\k{. uj ?,y : > k 

= A a % v + A^A^d [p B u]3 - 2d [fM [A ai Al^j , 

(u-^fMup - 35^1^1(^3)^]' + 3S[ At | i |S I/ | J -|(o;3)p] l - ? - B[,j,\i\B v \j\B^ k {uz) %ik 

= (Q3)^ p + 6A ai Ald„B p]i , (71) 

where we also used the definitions (J55j) and ()57jl. Now one can express the Chern- 
Simons terms as 

1 



Scs = - T^/^W^^;/; (72) 



2k\ 



- {F mv - C H mu ) (A«I% + \A^A ai H ipa 
(dC 2 ) {2 ' 1} A (dB 2 ) {2 ' 1} A Cj°' 4} . 



As will be pointed out in section 12 this expression matches the results obtained 
from supergravity (up to some numerical factors). 

Let us again see which changes occur in the presence of 3-form flux. As in 
the case without vectors, shows that the kinetic term for the scalars Cj 0,4 ^ 
changes and additional terms in the potential appear. The covariant derivative of 
the axions (C^ijki, which was f!48j) when setting all open string fields to zero, now 
reads 

d^C 4 )ijki - 2(B 2 ) p [i{dC 2 + 27 -ku 3 ) jk i] + 2(C 2 ) tl [i(dB 2 ) jM ] + 7K)wfei • ( 73 ) 

Introducing alternative variables as in (|5Uj) one can rewrite this up to an overall 
factor as 



= + ^{*dC 2 f k {B 2 )^ k -^{*dB 2 f k {C 2 ), k 

+ 7V / G((^); J -(^3) ij % fc ) • (74) 
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Using (HH, (J33J) and (J5ZJ) we see that 



- (u 3 r k B^ k = -2A a ^D^ . (75) 
Thus (JUJ) can alternatively be written as 

= + \VG(*dC 2 f\B 2 )^ k - l -VG{*dB 2 r k (C 2 ), k 

Now ()7fi)l is invariant under the gauge transformation (|59j) . 
under ()58|) requires (3^ to transform according to 

(3 ij -> - ~VG(*dC 2 pe fe . (77) 

Similarly, under 

(C 2 ) M - (C 2 ) Mfc + d„e fe (78) 

/3 1 - 7 has to transform by 

-> ^ + ^VG(*dfl 2 ) y *e* • (79) 

In the framework of gauged supergravity this implies that the same translational 
isometries of the RR scalar s are gauged as in the case without vectors [SHHTj. De- 
manding invariance of the action under gauge-transformations of the Kaluza-Klein 
vectors requires that the Chern-Simons term in the last line of (|72)l is replaced 
by ([46)1 . analogously to the case without vectors. Apart from this modification 
we do not expect any further changes to (J72|l due to the fluxes, because the open 
string Chern-Simons terms do not involve the axions (64)^ and are already by 
themselves invariant under gauge-transformations of the Kaluza-Klein vectors. 12 

On the other hand, the 3-form potential does receive additional contributions 
as argued above in the case without vectors. Comparison with type IIB theory 
implies that there is an additional potential term of the form |ifj 0,3 ^| 2 and that 
instead of (dC 2 + 7^u; 3 )^ ' 3 ^ it is the full (dD 2 + 7 * uj 3 )^ ^ that should enter into 
|i*^°' 3 ^| 2 . The two terms can again be combined to give 

|(F 3 + 7 ^3) {0 ' 3} | 2 + e- 2 *|i73 {0 ' 3} | 2 = |(G 3 + 7^ 3 ) {0 ' 3} | 2 = |gS°' 3} | 2 • (80) 

Actually, there is a loop-hole in our strategy to combine the T-dual data and the 
truncated type IIB action in this case. The expression (|80J) contains the cross-term 
2^fCo(dB 2 ) i ji : (-kLV 3 y : ' k . This term contains NSNS 3-form flux and open-string fields 
at the same time and thus vanishes in both limits. Furthermore, its presence or 

12 Ultimately, this is justified by comparison to the gauged supergravity of 07] and, as men- 
tioned already, our results match the expressions given in |47j without further modifications. 



- 2VGjA a[i D fM A aj] . 

(76) 

whereas invariance 
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absence is not restricted by any symmetry argument. This is different from the 
corresponding cross-term in the kinetic term for /3 y , which is required by KK gauge 
invariance, cf. (j76jl . Also the shift-symmetry of Co is broken by the presence of 
the D3-branes and can not help to fix the coefficient of r )Co{dB2)ijk{^oj^) l: ' k ■ Nev- 
ertheless, we believe that (J%U|) is the correct combination, because it leads to the 
same potential as found in the supergravity approach [3HJ HZ] , as we will show in 
a moment. 



Putting all the pieces together, the bosonic action derived by T-duality of the 
type I string contains four different parts 

S = Seh + Skin + <S pot + Scs ■ (81) 
In the string frame, they are given in turn by 

5eh 



kin 



pot 



CS 



2k| 



d 10 x 

10_ / -„-2$ 



d x y—ge 



d w x^m 



4«? 



4k? 



4k 2 



-.{1.0}|2 



+ \F 



{2,1}|2 



+ \F 



{1,4} 1 2 



d 10 x 



-gje 



G i3 g^D^A ai D v A 



^^(jGf 3} | 2 + 2 7 e" $ tr 
c/ 10 x v ^7e /xl/p,J 



2} 1 2 



O 0^ pfT 



(dC 2 )W A (dB)^ A C 4 {0 ' 4} 
C 2 {1 ' 1} A (d£ 2 ) {2 ' 1} A 5 2 {1 ' 1} A (dC 2 )^ 



(82) 
(83) 



+ 



2k 2 



Mo 



4k 2 



tpcr 



5. 



{1,1} 



A (dC 2 )W A cji.i} A ( djB2 ){o. 



3} 



54) 



2.4 Additional modifications from the non-abelian DBI 

To identify candidate couplings in the effective action that involve 3-form flux and 
open string fields at the same time, one can study the non-abelian D-brane world 
volume action in the formulation given in It turns out that only the DBI part 
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contains a term that has to be addded to the effective action derived via T-duality. 
The CS part in principle has the potential to modify the tadpole condition, but 
we will argue that actually it does not. 



From the expansion of the DBI action for a D3-brane in the presence of NSNS 3- 
form flux one deduces a correction to the effective action [63] that in our conventions 
reads 

—^e-M^A^A^H^ = - ^^ie-*ufH ijk . (85) 
3gf VG ^io 3! 

This term represents an extra contribution to the naive abelian term for the ten- 
sion of a D3-brane in the presence of NSNS 3-form flux. 

By analyzing the non-abelian CS action of the D3-branes one may have expected 
a modification of the relevant component of the equation of motion for C4, since 
one finds a further coupling linear in C| 4,0 \ i.e. 

J tr(cf 0} uUB 2 ) ~ J d 4 x^f 4 e^(C 4 )^ p(T H ljk tT(A l ^A k ) , (86) 

using the symbolic notation of i-e. = A^A l Bij. This term could po- 

tentially modify the tadpole cancellation condition for D3-brane charge. However, 
one has to take into account that the CS action involves RR-fields of all degrees 
and is accompanied by another contribution, the direct analogue of the term 
that lead to dielectric DO-branes in |63j . 



tr (P [uu C 6 ] ) ~ J d 4 x ^=^e^(dC 6 )^ fc tr(AM^ fc ) 



37) 



where P denotes the (non-abelian) pull-back. The component of dC§ that occurs 
here is related to the 3-form flux via duality. To make this more precise, one has to 
use the democratic version of the ten-dimensional type I action (already mentioned 
in footnote irU|). that involves Cq on the same footing as C 2 even before applying 
the T-duality, cf. appendix O This formulation also involves a kinetic term for the 
field strength after T-duality. In general, F 7 is given by 

F 7 = dC 6 + H 3 A (C 4 - l -C 2 A B 2 ) , (88) 

where we made use of the general formula (see e.g. [79*] 13 ) 

55 5 

F 2q _ 1 = dC 2q -2 + H 3 AJ2 CV4 , (89) 

g=l g=l q=2 



13 



Note that our NSNS B-field differs by a sign from the one used there. 
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and took into account that our C 4 differs from C4 used in jTH] by C4 = C 4 — |C 2 Ai?2, 
whereas all other C p coincide, i.e. C p = C p for p ^ 4. In (jSfij) the difference between 
C4 and C4 does not matter because (B 2 )^ u and (C^)^ are projected out and their 
backgrounds vanish in the vacuum. Now we notice that the two terms (I86|) and 
(jHZj) nicely combine into 

j d A x ^^ p °(F 7 )^ pat]k tY(A l A>A k ) + ■■■ , (90) 

1 2 2} 

where the dots stand for further terms, involving also C\ , which is dualized in 
favor of Cj ' 4 ^ in the end. We do not want to go into further details here, but just 
observe that upon dualizing Fj 4 ^ in a similar vein as done in appendix the 
term ()86|) disappears from the action and there is no additional contribution to the 
tadpole condition for Cj 4,0 ^ after eliminating the superfluous degrees of freedom. 
This means that in the tadpole condition (jlOj) the contribution of the fluxes to the 
effective 3-brane charge is 

iV flux = -^- / Ft 3} AHt 3 \ (91) 



exactly as in the case without the open string fields, because the CS correction from 
the non-abelian D-brane action drops out. Here /13 denotes the 3-brane string frame 
tension which for general p-branes is given by 14 

tip = -±=2n(4ir 2 a')- {p+1)/2 ■ (92) 

Moreover, notice that in the self-dual action the kinetic term for C2 appears with 
a factor 1/2 as compared to the usual type I action. Thus also e.g. the 3-form po- 
tential after T-duality would first come with the same additional factor. It is only 
after dualizing Fy 4 ' 3 ^ that the full 3-form potential, as given in (|83|). is obtained. 

The fact that the tadpole condition is not changed as compared to the case 
without open string fields is important for the form of the effective four-dimensional 
potential. First note that this tadpole constraint descends from the equation of 
motion of {C^ pU p a in the ten-dimensional theory and does not arise as a dynamical 
equation in four dimensions. Instead it needs to be imposed as a constraint that 
determines the number of D3-branes. The dual theory constructed in the previous 
section is only consistent in the presence of 3-form fluxes if the fluxes do not 
contribute any 3-brane charges, i.e. one necessarily has iVfl ux = 0. This is because 
T-dualizing pure type I naturally leads to a theory with 16 D3-branes 15 that already 

14 Note that the tension includes a factor as compared to the corresponding formula of type 
IIB, as is required in type I and its T-duals, see [EH] for instance. 

15 There is a well-known ambiguity of how to count the individual branes. In a microscopic 
description of the T-dual model, there are 64 03-planes located at the fixed points of 0, such 
that local charge cancellation as in type I is only achieved in the effective action if all sources are 
completely smeared out. The number 16 simply refers to the rank of the gauge group. 
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fully cancel the charge (and tension) of the 03-planes. A non-vanishing iV flux would 
then lead to a surplus of 3-brane charge. This will be discussed in more detail in 
section 14. 1| but let us go slightly ahead of things and already mention that in 
general the potential receives a further extra contribution from the tension of the 
03-planes and D3-branes, when iVfl ux 7^ 0. To accommodate this, the first term of 
(J83j) can be rewritten using the splitting of G^ 0,3 ^ under * into imaginary self-dual 
and anti-self-dual components, i.e. -kGf D = iGf D , *G\ ASD = —iG\ ASD . 16 One then 
verifies, similarly to [21J, that the 3-form flux potential term combines with the 
extra non-abelian correction to the brane tension into 

^{ Q ' 3 >| 2 -| 7 e-*tr(AM^)^ ifc )dvol = 2|Gf D | 2 C /vol + 2e- $ F 3 {0 ' 3} Ai/3 {0 ' 3} (93) 

with civol = \/Gd 6 x. Due to the unmodified tadpole condition we see that the sec- 
ond term on the right-hand side of (}9"3*j) is cancelled by the tension of the localized 
objects. 

Note that the absence of the CS correction to the tadpole condition is indispens- 
able for producing a positive definite scalar potential as is required by matching the 
results of gauged supergravity [SHI El- 17 In particular, couplings that could drive 
a dielectric Myers' effect, which would lead to non-commutative brane solutions, 
now appear as the cross terms in | 3 s0 1 2 . At a global minimum of the potential, 
when G 3 is IASD, they therefore cancel out [2*?1 l3~H]. 

Let us make a further comment here. The vector couplings in the kinetic terms 
2j) are asymmetric in that Chern-Simons corrections do not occur in the kinetic 



terms for Cq, Cj 1 ' 1 ^ and B^ 1 ' 1 ^. This is due to the fact that we did not include the 
Chern-Simons term 

~to J dC 2 Au 7 (94) 

as part of 

p J 

for the D9-branes in our starting point type I action (j2J. Under T-duality such a 
term would be mapped according to 

(dC 2 ) {q ' 3 - q} A(u 7 ) {4 - q ' q+3} i-> - ^~ l ^ {q 1)12 (dD 2+2q ) {q ' 3+q} A(^ 7 ) {4 - g ' 3 ~ g} , (96) 

v G 



16 Let us remind the reader that we are using a different definition of the Hodge star than the 
one used e.g. in I75II5TH27) . 

17 Moreover, this form of the potential is necessary to be consistent with the constraints that 
derive from the equations of motion, as discussed in section 0] 
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leading, among other things, to terms involving (dD 8 )^ 3 ' 6 ^ and (dD^ 2 ^ together 
with the appropriate components of -kojf. Clearly this would modify the dualizing 
process described above, leading to Chern-Simons corrections involving -kuj^ in the 
kinetic terms for Co, Cj 1 ' 1 ^ and -B^ 1,1 ^ and to new Chern-Simons terms similar 
in nature to (|fi8|) but lengthier. In that case the kinetic terms appearing in (J%2|) 
involve the field strengths 

(dD A + 7 * ^ 3 ) {M} - A (dD 2 + 7 * ^ 3 ) { °' 3} , 

{dD 2 - 2 7 * u 7 ) {2 ' 1} - B {1 ' 1} A {dD + 2 7 ★ W7) {1,0} , 
((iDo + 2 7 *cu 7 ) {1 ' 0} , (97) 

instead of F^' Xf and i 7 ^ ^. In this symmetrized version, the coupling of the trun- 
cated type IIB action to the gauge fields, at least for the kinetic terms, can be 
summarized by adding to the dD p the appropriate component of 7 * U3 or 27 * ujj 
depending on the bi-degree of the form. However, as (JMj) is a higher order correc- 
tion in the open string fields and we restrict ourselves to the lowest order of the 
DBI action, we preferred not to include the corrections due to cu? in (1£Tf . 



5 

^{2,1} 



{1,0} 



2.5 The action in the Einstein frame 

Finally, in order to make contact to the supergravity literature, we have to trans- 
form (j81j) into the Einstein frame. Transforming to the ten-dimensional Einstein- 
frame by rescaling the metric with the string coupling, gjj — > e^^gjj, leads to 



2k 2 10 S 



d 10 x^g 



±e 2 %C d»C - \e*G ij (F^ + C H^)(Ff + C Q Hf) 

1 
2 



- ^7e~ # CC + H ilxv A ai ){^ v + Hf u A aj ] 



2 6 



*n^{0,3}|2 



4? 

- 7 e-*tr(^M^ fe )^ ife 



- -ie i 'G ij G kl f ahc f ade A bi A ck A d] A el 



d 10 x v 1 —9^ 



- 2 (F jfiv - C H mu ) (A a ^; a + -A^A ai H ipa 



pu" pa 
1 

2" 



- F*F ilw H. 



- C it ,B ju H kpa VG(*dC 2 ) ijk - B tfl C 3U F kpa VG(*dB 2 yi k , (98) 
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where we introduced the variables /3 y and used (|76|). This form of the action will 
be relevant in the section 0] when we allow the bulk fields to vary over the whole 
internal space, and the open-string fields over the world-volume of the D-branes, 
looking for solutions to the ten-dimensional equations of motion. 

Dimensional reduction of (j^Hj) and a Weyl rescaling g pv — > G~ l l 2 g^ v to go to 
the four-dimensional Einstein-frame produces the following effective action 18 



-e 2 *d,C d»C - je*G? 3 (F ilu , + C ^)(Ff + C Q Hf) 



2 

1 a 



-G ik GuD^D»{3 kl - iGijDuA ai D IJ 'A aj 



4 
1. 

2 



G 'e*\Gf D \ 2 - -^ 1 e i 'G lj G k if abc f ade A bl A ck A dj A el 



l\GoF pv F a p(7 



2 {F mu - C H jlw ) {A^T a pa + -A^A ai H ipa ] 



B ij F- H 



C ip B 3U H kpa VG(*dC 2 ) llk - B^C ju F kpa VG^dB 2 ) ljk 



(99) 



Here we have already taken into account the tension of the localized objects to get 
the form of the potential (fifth line) and introduced the following notation 



G; 



1 



Gij , 7 = iVG = ^ . 



(100) 



The action is now in the form that should allow for a direct comparison to the 
gauged supergravity theory that captures the effective dynamics of type I strings 
with background 3-form fluxes. 



2.6 Comparison to gauged supergravity 

In this section, we would like to make explicit the comparison of our results in (J99|) 
to those found in the gauged supergravity approach, by explaining the translation 
of notation, parameters and fields. We view this as strong independent confir- 
mation that the effective theory, obtained by modifying the T-dual action in the 
manner described above to capture the effects of 3-form fluxes in type I, is a sen- 
sible approximation of the string dynamics in the supergravity regime. To what 

18 We take the background volume to be (27ra ,:L / 2 ) 6 and therefore have n\ = nl (A7r 2 a')~ 3 . 
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extent it is approximate will be subject of section HJ 



The expressions we are going to compare are the covariant derivative of the 
axionic scalars, already discussed in (J7fiJ) . and the gauge kinetic and Chern-Simons 
part (jHljl of the action (f9*9*|) . Finding basic agreement (up to two factors of 2 and 
a sign, see below) with the supergravity results of [17], see also jSH E3 EE] for 
partial results, we conclude that the effective models are identical. A third object 
of great interest is, of course, the scalar potential, to which the entire section |3] will 
be devoted. The expression given in equations (4.97), (4.98) and (5.132) of |UJ for 
the covariant derivative of the axion is 19 

D,B^ = <9 M B AS + / Asr A« r - a a ^\7,a^ , (101) 

where the / Asr , a = 1,2, are the numerical parameters for the 3-form fluxes, A^ r 
the abelian KK vector fields and the a aA are scalars charged under the non-abelian 
gauge group. Finally, V M denotes their gauge covariant derivative. In view of (JZHJ) 
this suggests the following mapping of fields 

5 AS - P ij , 4a ~ , 4a ~ (<3»)m* . a aA ^ - A™ , (102) 

and flux parameters 

/A=r ^ 1 jG^ctfjk f ; A S r ^ _ l^/G^)^ ? (103 ) 

where we have set 7 = 1 throughout. The signs are going to become clearer below. 
The non-abelian vectors should map to the of (JH7J) . Using this map leads to 
agreement between our result (j7fij) and (jlOlj) (up to a factor of 2 for the last term). 

From the gauge kinetic and CS part of (|9*9*|) we can read off the 6*-angles and 
coupling constants of the different gauge fields, which are already present in the 
ungauged theory and which we define as the coefficients in front of F ilv F i * iV or 
e^ U(XT F^ u F pa) respectively. F pv now stands for any kind of gauge field strength, 
F* , F ipu or H ifMU . We put them into a matrix labelled by (a, a, i) and read off 

6 ab = _ \c 5 ab , e ila = A ai , e i2a = - c A ai , e ajl = o , 

9 i2j2 = - -C A ai A aj , 6 ilj2 = 9 l2jl = -f3 ij + ^A ai A aj (104) 

and 

( g - 2 ) ab = - e -' s> 5 ab , (g- 2 ) ila = , (g- 2 ) i2a = - 2e~*A ai , 
(g- 2 )^ 1 = -i e *G iJ , (g- 2 ) i2]2 = -^(e~* + e*C 2 )G il - A ai A aj e-* , 

(<T 2 ) iy2 = (g~ 2 Y 2n = -\c^& , (105) 



19 We are using gauge group indices a, b, ... instead of ... and A, B, ... instead of /, J, ... to 
avoid confusing them with our space-time indices. 
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leaving a factor l/(4/c|) in front of the action. The corresponding supergravity 
results can be found in (5.130) together with (3.90) 20 of 07j in the form of a 
matrix M of complex coupling constants. Using 

F%= l -{F, v ± l -e pu , u Fn , (106) 
and suppressing indices one has 

- i(NF+F + »» - ATF-F-^) = lm(M)F^ + i Re (TV) F^ v F pa e M " p<T . 
Thus the ^-angles and couplings are given by 21 

^ab ^ 2d ab + i{g- 2 ) ab , W iQa «-> # iaa + -(^~ 2 ) iaa , 

A/"^- 773 «-> 2fl iaj ' /3 + i(g- 2 ) iajf) . (107) 

The expressions one finds for the entries of M are identical to those in ()104|) and 
()105j) upon identifying 

C <- C , p <- - $ , AS <- ~G* , (108) 

in addition to (jl02|) . up to the overall factor of l/(4/t|), the sign in the last line 
of ()105j) and a factor of 2 in the /^-dependent term in f{104)) . To complete the 
translation of fields, the L a in the SU(1, 1)/C/(1) coset are translated into our 
SL(2, R) /U{\) scalars C , $ by 

L 1 <- L 2 <- -L e ^ 2 {C + ie-*) (109) 

v 2 y2 

with = L 2 , L 2 = — L 1 . 



3 The potential 

From the fifth line of ()99j) we can read off the effective four-dimensional potential 

Vefr = -^ 7 =\{G z + 1 ^u^\ 2 + 1 ^G lJ G kl f ab ^ 

Before discussing the implications of this potential let us compare it to the expres- 
sion derived with the formalism of Af = 4 gauged supergravity. In the conventions 
of 07j the scalar potential was written 22 

V ^ I Tp ABC— I (~iABC~ |2 I I r fabc n bA n cB\2 

I' SUGRA — 2 +^1-^2/ I 111 ; 

20 Beware a misprint in an older version, where in the first line of (3.91) the last term should 
contain a factor of i instead of |. 

21 Note the extra factor of 2 in the second line of (5.130) in 47 . 
22 We absorb factors of pi into our definition of the norm (|161|l . 



28 



where F is the 3-form flux 

pABC = L a f ABC = yAEF E^BpC ? (n2) 

the upper index F~ referring to the ISD part, C ABC is the CS correction 

C ABC = L 2 f abc q aA q bB q cC = L 2 f abc a aA a bj: a cr E A E B , (113) 

and indices are pulled back with the vielbein E A which is related to the metric 
(fTUUj) via (JTUKJ) and 

9 ah = 5 AB E A E£ . (114) 

The metric moduli together with the axions from 5 AS and the a aA parametrize 
the scalar manifold 

6*0(6, 6 + N) 
50(6) x S0{6 + N) ' 1 ; 

The identification of the two expressions is then accomplished by applying (jl(J2|) . 
(j 103)1 and (jl()8j) . where one has to take care that the extra signs from = — 1 
and (jl()9j) cancel out. We find agreement Vsugra = V e fr after setting n\ = 7 = 1 
in (jllOJ) . Strictly speaking, this choice of parameters is allowed only within super- 
gravity String theory relates the two in a way that is not consistent with setting 
them equal. 

An important phenomenological feature of (jll())) is that it involves the dilaton 
not just as a prefactor, so one can hope to stabilize the string coupling. Concen- 
trating on Minkowski vacua we require 

|(G3 + 7*^3) ISD | 2 = 0, tr|^°' 2 >| 2 = 0. (116) 

As trlJF'f 0,2 }) 2 = also implies vanishing of U3, the relevant term for fixing $ is 
given by |03 SD | 2 = 0, |3*S] . The condition for G3 to be IASD can be written 

*F 3 -e-*# 3 = 0. (117) 

Rewriting this via (jl(J3J) one finds a relation 

/r r -Co/ 2 ASr + e-*K 2 ) AEr = 0, (118) 

where *f 2 is defined with respect to the metric ^ae- Setting C = for simplicity, 
we see that 

A ASr + e-*l Vdi^/ A V SS '/ r 'eA'ET'Ano/ 2 Am = , (119) 

where e is just again the antisymmetric symbol with value ±1. It appears that in 
general the dilaton becomes a function of the metric moduli that also depends on 
the choice of fluxes. It was argued in [27| that the 3-form fluxes allowed by the 
gauging, i.e. consistent with a supersymmetric Lagrangian, can be put into a form 
such that, in complex coordinates, all components f™ mn and f™ mn vanish. We will 
see in section l3~2*l that this ensures a fixing of the dilaton at least in vacua in which 
supersymmetry has been broken to M = 1 via a super-Higgs-mechanism. 
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3.1 The role of the superpotential 

In compactifications of type IIB theory on Calabi-Yau spaces with fluxes, the scalar 
potential that descends from the kinetic term of G 3 , after breaking supersymmetry 
to M = 1 either by orient if olding [21] or by taking a certain decompactification 
limit as in can be expressed in terms of the superpotential 

WW = / G 3 Att 3 , (120) 

J Me 

proposed by independent arguments in jTTll^j, with Q 3 the holomorphic 3-form. 
In that case, the scalar potential only depends on the complex structure moduli of 
the Calabi-Yau and the dilaton. As is well known, in the heterotic or type I string 
the superpotential gets a further contribution involving the scalars descending from 
the ten-dimensional vectors jH3 E31 Ell 

W het/l = [ LJ 3 An 3 . (121) 
J Me 

As in the M = 1 case, also for M = 4 the potential descends from the ten- 
dimensional kinetic terms and can thus be written in the form of |G 3 SD | 2 plus 
t r |jp{o,2}|2^ U p £ G cons tants. Therefore, one might wonder whether it is still possible 
to express the potential in terms of a "superpotential". In view of the effective 
scalar potential (jllOj) we have found in type I' with extra 3-form flux, it seems 
more appropriate to consider the "superpotential" 

W v = [ (G 3 + 7*^ 3 ) Afi 3 • (122) 
J Me 

However, in the toroidal compactification the potential also depends on the Kahler 
form, which reflects the fact that the moduli space of a torus does not split into 
a direct product of complex structure and Kahler moduli as on a Calabi-Yau. On 
a Calabi-Yau manifold, the ISD 3-forms are the (1, 2)- and (3, 0)-forms, see e.g. 
|2"T] . Moreover, all (1, 2)-forms are primitive (HE]- On the torus, on the other hand, 
there are non-primitive (1, 2)-forms of the form J A dz m where J is the Kahler 
form, and these are also IASD. Moreover, there are further ISD (2, l)-forms of the 
form J A dz m j^Zj which all enter into the scalar potential (jllOj) . These facts make 
it very cumbersome to express the potential in terms of the superpotential ()122|) . 23 



23 In order to follow the calculation in the Calabi-Yau case |S1 ED Effl 12] > one would have to 
know what should replace the formula Dz^z = Xa, that gives a basis for the (2, l)-forms \ a 
in terms of covariant derivatives of O3 with respect to the complex structure moduli Z a . For 
the torus, one would need a corresponding formula giving a basis of only the primitive (2, In- 
forms. However, the split of the (2, l)-forms into primitive and non-primitive ones depends on 
the moduli. 
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Still, the superpotential ()120|) has been used in the literature to encode the 
conditions for unbroken supersymmetry in a toroidal (or K3xT 2 ) background with 
3-form flux [23I2]. 24 There it was shown that demanding supersymmetry is strong 
enough to fix the period matrix of the torus completely, which implies fixing its 
complex structure. The conditions for supersymmetry are stronger than demanding 
extremality of the potential, but are equivalent to the extremality conditions of 
the superpotential ()120j) . As only ISD 3-form flux enters the potential, there are 
possibilities to turn on fluxes without generating a vacuum energy. The IASD 
3-forms consist in G3 being a (0, 3)-, or a primitive (2, l)-form or of the type 
J A dz m . On the other hand, in order to preserve supersymmetry the flux has to 
be a primitive (2, l)-form [75^ IH7] for at least one complex structure. The number 
of unbroken supersymmetries depends on the number of complex structures for 
which this condition is fulfilled [27JEE1- Moreover, it is obvious from the formulas 
of the gravitino masses given in [HI] that turning on any non-trivial 3-form flux 
breaks supersymmetry at least to M = 3. Since the coupling to the open string 
fields is manifest in the supervariation of the gravitinos, dilatinos and gauginos 
by replacing F ABC with F ABC + C ABC as used in [47 , it is to be expected 

that the supersymmetry conditions in the coupled system are also captured by the 
modified superpotential (j!22|) (in addition to the "D-term" appearing in the second 
contribution to the potential (jlllj) ). although the scalar potential (jllOj) cannot be 
expressed through Wy in an obvious way. 

3.2 Truncating to M = 1 

Regarding the discussion of the superpotential (jl22j) in the previous section, it ap- 
pears interesting to study the breaking of supersymmetry in the present model from 
M = 4 to smaller numbers of supercharges, especially to M = 1, in which case the 
potential should be expressible in terms of a superpotential (and a D-term). This 
has been done to some extent in the framework of supergravity jHHl EH EH EH EEj 
and in this section we would simply like to make contact to [3*5] . 

By turning on more and more components of the 3-form flux one can succes- 
sively break supersymmetry from Af = 4 to Af = 1, as has been described in [SUES] . 
In the super-Higgs effect, the decoupling of massive modes is restricted by the re- 
quirement that they must fill massive representations of the surviving supersymme- 
try algebra. If one breaks supersymmetry from Af = 4^3—>-2—>-l successively, 
6, 10 or all 12 (Kaluza-Klein) vector fields get massive via their Stiickelberg cou- 
plings (J?1J). This is prescisely as required by a successive decoupling of massive 3/2 
multiplets under Af = 3, 2, 1 supersymmetry, which eat just the 6, 4 and 2 vectors, 
respectively, those that disappear from the massless sector. In this successive su- 

24 The case of K3 x T 2 has also been analyzed from the point of view of gauged supergravity in 

El 
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persymmetry breaking the matter content of a spin-2 and six spin-1 multiplets 
of M = 4, leads to a spin-2 and three chiral multiplets of Af = 1 jHSj- Therefore, 3 
gravitini, all 12 vectors, 18 out of 21 scalars Gij, 12 out of 15 axions /3 U and r get 
masses with suitable degeneracies to fill massive M = 1 multiplets. The remaining 
three complex scalars are given by the diagonal components Gii, G 2 2, G33 of the 
now hermitian metric and the appropriate components of ^ . Together with the 
open string moduli they parametrize the remnant scalar manifold 

SU(1,1) „ SO(6,6 + N) fSU(l,l+N)\ 3 



U(l) SO(6) x SO(Q + N) V U(l) 

In this particular situation one can convince oneself that the condition (|117j) is re- 
ally sufficient to fix the dilaton. The square root of the determinant of the metric 
is the product G11G22G33 of the real parts of the only remaining three moduli, 
which drop out from ()119|) if the fluxes are restricted as explained below ()119|) . 
Thus (|117|) becomes independent of the metric and $ is fixed to some rational 
value once the fluxes F3 and H3 are subjected to Dirac quantization. A natural 
value for the string coupling would appear to be of order one, but moderately small 
numbers are also easily accessible. In [SH] it was suspected that in the process of 
integrating out the dilaton, the first term of the potential (jllUj) vanishes, such that 
the potential of the effective M = 1 theory used in [33] is solely given by the sec- 
ond term with a constant value for the dilaton. We were not able to perform this 
integrating out explicitly, but assume in the following that the N = 1 potential is 
only given by the second term of (jllOj) . 

It is well known in the literature how to obtain the M = 1 potential from a 
dimensional reduction of the kinetic term for the vector fields |82{ 183] . From (jllOj) 
(and setting 2na' 1 ^ 2 = 1) we extract 

Ag 2 lQ V N= i = e^G ik G dl T ai 'T akl = e' s 'G lk G jl f abc f ade A bi A cj A dk A el , (124) 

and it is understood that the dilaton and all metric moduli except the diagonal 
ones are frozen in the M = 1 vacuum. The potential (j!24)l can be split into an 
F-term and a D-term by identifying the metric components with the (real parts of 
the) Kahler coordinates t m in the following way 

t m + tm C C = [G m fn) . (125) 

Here we have introduced the complex fields 

C am = _L(^«(2™-i) + iA< 2m )) . (126) 

Using the Bianchi identity (which implies T a A T a = 0), one can rearrange terms 
to arrive at 

G ih GnT ai iT akl = 2G mn G op [j= amo T a ^ + j= amfl T aofl ) . (127) 
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The (2, 0) part can be written 25 



G mfi G pJ 7arno J 7anp = e^ (t m + - C™C«*) , (128) 

m=l 

with superpotential 

W = ^f abc C am C bn C co e mno , (129) 
where the hat on the epsilon symbol was explained below (|19jl . and Kahler potential 

3 

K = - lQ g (tm + trn ~ C^C^) . (130) 
m=l 

That the potential-term ([EED is of the usual form e K {K adL D a WD & W - 3|W/| 2 ), 
where a denotes all chiral fields, t m and C m , and K aa the inverse of the Kahler 
metric, was shown in [32] ■ The fact that the — 3|jy| 2 drops out in ()128|) is due to 
the no-scale structure of the potential. The choice of complex coordinates implies 
a diagonal period matrix, and the holomorphic 3-form can be written ^3 = dz 1 A 
dz 2 A dz 3 , so that ()129j) can be expressed as in (j!21j) . 26 In a similar way one can 
identify the (1,1) component of ()127j) with an M = 1 D-term 

G mn G op F amn F a ° P = I V 1 - - fcd C cm^ dm \ / 131 x 

p \^ l t m + t fh -C em C emJ I v ; 

Interestingly, adding a world-volume gauge flux by hand, i.e. adding a constant 
jamn to jzamn = jabcQbmQcfh^ WQuld lead ^ & Fayet-Iliopolous term in ((HQ). 



4 Vacua with fluxes and warped metric 

In the previous sections we have employed T-duality to transform the effective 
action obtained by compactifying type I strings on a torus and neglecting all de- 
pendence of the fields on internal directions. The additional terms in the effective 
action with NSNS 3-form flux on the internal space were added in via comparison 
with type IIB. However, constant fields will in general no longer solve the ten- 
dimensional equations of motion once fluxes are turned on. In this section we shall 
look for solutions to these equations, based on the action (|98)1. with more gen- 
eral background configurations and non-trivial profiles admitting four- dimensional 

25 Note the misprint in formula (12) of |85| . 

26 Note that one could have defined the variables C am of (|126fl alternatively as C am = 
^^«(2m-i) iA*(2rn)y j n ^at case, the superpotential (|129|l would have been of the form 

H122fl . with vanishing G3. 
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Minkowski vacua. As explained in the introduction, in order to derive the equa- 
tions of motion we allow for a depence of the bulk fields on the internal coordinates 
and further modify the action (|98j) by introducing a background for the 5-form field 
strength commensurate with the T-dual world sheet parity projection of type 
IIB. Moreover, we take into account that the D3-branes and 03-planes T-dual to 
the D9-branes and 09-planes are actually localized objects. We consider the modi- 
fied equations of motion as describing the coupling of the bulk fields to the tension 
of the branes (respectively O-planes) and their world-volume fields. We find that 
the gauge fields only cause minor corrections to the known solutions for a back- 
ground with vanishing world- volume fields |ZHJ IS] • For these solutions it has been 
argued that constant internal fields may still be considered approximate solutions 
in the large volume limit where the warp factor may be taken to be approximately 
constant, thus a posteriori justifying the effective action ()99|) — at least in this 
limit. 



4.1 Generalized ansatz and modified action 



Our starting point is the ten-dimensional action ()98|) in which we now allow the 
bulk fields to depend on the internal coordinates. Furthermore, we have to imple- 
ment some modifications, that we discuss in the following. 

As was already explained, since the modified world sheet projection f20(— 1)^ 
does not project out fields locally, but only demands symmetry or antisymmetry 
of the background, we may also allow non-trivial backgrounds for non-dynamical 
fields, as long as they respect Poincare invariance. This refers to the 3-form fluxes 
Gl°' 3 \ which are not field strengths of any dynamical potentials but do survive the 
projection, and also to the components F^ ' 5 ^ and F^ 4 ' 1 ^ of the 5-form. The latter 
is also subject to the self-duality constraint, such that both 5-form components 
can be parametrized through a single function, 27 

O^W..^ = ^w...« 9 » a , ( F 5)h...i 5 = -^=e ll ... ibj (d k a)g ]k , (132) 

V04 Vfi'4 



where a = ot(x i ) is antisymmetric under G, since f2(— 1) Fl leaves Cj 4,0 ^ invariant. 
In the equations of motion, this background enters in the same way as in type IIB. 
For the metric we use the general warped product ansatz 

ds\ = gudxUx 1 = A(x k )~ l g^dx^dx u + A(x k ) b g ij dx i dx j . (133) 

The factor in front of the internal part is purely conventional, but if one intends to 
identify with a Ricci-flat or even constant metric eventually, it can be helpful to 

27 Note that due to our different definition of the Hodge star the internal components have the 
opposite sign as in |75| . 
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make the warping explicit. In general, one may also want to consider a non-trivial 
internal profile for the axion f/ 0,1 \ as was done in [§U] to analyze the effects of 
7-branes, but we shall not do so here. Furthermore, in looking for a solution to the 
coupled system of equations we restrict our ansatz to the case of vanishing field 
strengths F^ 2 ' 1 ^ and F^ 1 ' ^. 

Second, the open string fields should be allowed to vary only over the world- 
volume of the D-branes present in the background. As long as all fields were 
constant on the internal space, there was no distinction between fields localized 
on some brane and fields propagating throughout the bulk. T-duality of type I 
string theory produced ([56)1 . where the kinetic terms for the gauge fields only in- 
volve the determinant of the four-dimensional metric, as for gauge fields localized 
on a D3-brane, but there is no delta-function to localize the fields. Thus, (J56J) 
refers to "smeared out" D3-branes. In the same way, there was no localization 
of CS interactions involving open string fields. Further, once we have introduced 
localization, the tensions of D-branes and O-planes do not cancel locally anymore, 
and we need to make the tension terms explicit. 03-planes and D3-branes appear 
naturally in the toroidal model, since they are just the images of the 09-planes 
and D9-branes of type I under T-duality. In fact, one could also try to introduce 
higher-dimensional branes, say D7-branes, and have non-trivial gauge fluxes on 
their world-volume, which induces effective D3-brane charges. We refrain from 
doing so here, and come back to this option later. One of the main reasons is that 
adding world- volume gauge fluxes would require us to take higher terms in the DBI 
effective action into account, which would restrict us to abelian gauge fields, since 
the non-abelian DBI action is not known to higher order. 

From expanding the DBI action to second order in the gauge field strength one 
infers the relative factor between the tension term and the terms of the world- 
volume action already present in (}98|) to be \{2ira') 2 . Setting 2na' = 1 we thus 
use for the D3-brane action 28 

Sds = -to J Afftf (s m -Ui(A l A^A k )H ijk y 6 (x m -x m ) 

branes 

+ l £ s m 5\x m -x m )[g, l3 g^b,A m b v A^ 

branes 

+ \r Yrft + H,„A")(fi„ + H, ua A">) 

The additional term from the non-abelian correction to the DBI action has also 

28 Note that this is consistent with (|99|l as ^(27ra') 2 /13 = 7(2k 2 J~ 1 , where K4 is given in footnote 
[Hand we used ^ and gf = v / 2(2tt) 7 a' 3 , cf. 
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been included above. Just to keep track of the overall sign we have introduced 
coefficients s m = ±1 for the tension of the branes. In order to avoid kinetic terms 
with the wrong sign for the world volume fields, one would choose s m — 1. In the 
background, the only non-vanishing terms are the tension in the first line and the 
scalar potential trlJF't 0,2 ^ 2 j n the last. The sum over branes now also implies that 
the gauge fields are labelled individually for any single stack of branes, but we do 
not want to encumber the notation with another index. Since we have made the 
D-brane tension explicit we also have to add the 03-plane tension 

/64 
d 10 x \f ZI gT^2,5 & {x h - x k ) (135) 
k=i 

for the 64 planes localized at the fixed points Xk of G and Q% = —1/4. Here we 
assume that the 03-planes have standard negative tension and negative charge. 
The total action for the open string sector including the 03-planes is then given 
by 

S op = 5 D 3 + 5 3 • (136) 

In the same fashion, the CS interactions with open string fields have to be localized. 
For instance, when we write \Fs\ 2 , we now understand 

|F 3 | 2 dvol= \dD 2 \ 2 dvol+ ^ q m {2ixf5 6 {x m -x m ) (27(^3) A^D^^sl^vol) , 

branes 

(137) 

with dvol = d 10 Xy/—g. The q m = ±1 are parameters for the RR charge of the 
D3-branes and distinguish branes from anti-branes and enter in all the topological 
terms. Since the CS forms -kus will mostly only appear inside F p in the following, 
we will not make this kind of localization explicit, to keep the notation compact. 



4.2 Equations of motion and constraints 

The most interesting equations of motion to consider are the two sets of Einstein 
equations for internal and external indices, the equation for the dilaton, and the 
charge conservation constraint coming from the equation of motion for C4. Ein- 
stein's equations with the general warped ansatz ()133j) are abbreviated, using the 
notation of 1)170)) (see the appendices IA.2I and IA.3|) . 

R„u = ^ + ^A 1 " 3 ^V i (A 2 ( fe - 1 )6' J ln(A)) =n 2 w S^, 
Rij = K io<% • (138) 

The explicit dependence of R^ on the warp factor is given in the appendix in ()168|) . 
Furthermore, as in the appendix, Vj is the covariant derivative of cjij. 
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The first set of equations allows us to determine the warp factor, which then 
has to be checked with the second set. We specialize to maximally symmetric four- 
dimensional space-times, i.e. g^R^ = m 2 where m\ is zero, positive or negative 
for Minkowski, de Sitter or anti-de Sitter space respectively. Then, upon taking 
the trace, one arrives at 

fVifA^SXA)) = -^l^lle^-^A 36 -^ (139) 



■(<),n)(i),n)g- - _ ^ 



^ fc= i 



[s m ~ i -tr(A i A^A k )H ljk y 6 (x m -x m ) 



vbralles 



+ e*A- 2b ^tr|^°' 2 >|^ m( 5 



Xm. X r . 



branes 



where §4 denotes the absolute value of the determinant of g^ and the subscript on 
l^3°' 3 ^l| implies that the contractions are to be performed with g % K Furthermore, 
tr|^°' 2 >|? = \g i ig kl f abc f ad *A\A c k A d j A e l is given by A i lg ij g kl f abc f ade A bi A ck A dj A el , 
when expressed through the metric independent fields A a% . The integral of the 
right-hand side over the internal space is now forced to vanish. The D-brane ten- 
sion and the contributions of the YM sector add up with the 3-form flux, while 
the 03-plane tensions serve as positive contributions on the right-hand side, which 
may be employed to balance the negative contributions from the fluxes. 29 The 
cosmological constant and the correction term of the form tr(A l A^ A k )Hijk can add 
to either the positive or negative contributions. 

Upon specializing to b = 1 the second set of equations becomes tractable. 
Combining the two sets of Einstein equations one can eliminate the term with the 
Laplacian acting on the warp factor and obtains 

^R^+ l -R ljg lj = i^'(^lnA)(^lnA)--^^(a,a)(^a) 

- % (%j - Tl^) g« . (140) 

An obvious solution with R^ = Rij = consists in a = ±A~ 2 and (Ty - 
%j~ ux )5 ,u = 0- This can be satisfied by tr|jF| 2 = 0. There is, however, no 
constraint on G 3 from (114711) since T^ m g l i = 0, cf. (|I72jl . 



29 The sign conventions are such that negative contributions on the right-hand side of l|139|) are 
related to positive energy density. 
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On the other hand, combining (jl39j) with the equation of motion for the external 
components of C4 leads to a further constraint. The latter has been discussed in 
some detail in section 1274} where it was pointed out that no corrections due to the 
non-abelian CS action occur. It reads 

64 

(dF 5 )^ = F 3 {0 ' 3} A # 3 {0 ' 3} + 24^3 + 2^ lof i 3 Q 3 ^ ' ( 141 ) 



branes k=l 



and explicitly we have 

1 /\.-.-JL „ 4 



'9a 

2k?„// 3 



9^ 




(g^V i d j a + -g i \d i A)(d j a)) = -j^F^H^* 1 ™ (142) 

64 

) + Qz^^{x k -x k ) 



branes k=l 



The 7r m and 7r k stand for the delta-function-like 6-forms with support at the location 
of the 3-branes and 3-planes. Using the splitting (jHSj) of G 3 in ()139|) and by adding 
A 2 times ffT39jl and -±A 4 times ([T42jl . one can derive the powerful constraint 

-f s'^e, ( ° + a-) = -f 9 <% ( ° + a-) 8j , ( » + a- 



1 «|ffiD||_ 4)^- a e « £ t r|^- 2 >| 2 Sm 5 6 (* m -* m ) 

branes 

'" / '' ! £ - q m ) 5\x m - x m ) - ^A 4 m 2 . (143) 



branes 



This generalizes the result of [21] by including the world-volume fields of the D3- 
branes and allowing for m\ 7^ 0. Integrating the total derivative, a number of 
restrictions follow. The four- dimensional cosmological constant has to satisfy m\ < 
0, excluding de Sitter space within the chosen ansatz. In addition, s m = q m = 1 
follows, so there are no anti-branes. For vanishing cosmological constant, i.e. = 
7]^, all terms on the right-hand side are negative semi-definite and therefore have 
to vanish individually. Thus, 



a 



-A" 2 , |G 3 SD | 2 = tr|jrt°' 2 >| 2 = 0. (144) 



These conditions are equivalent to asking for a global minimum of the effective 
potential (jll()|) obtained by neglecting the warp factor 

V cff = <*=5> (&f D = and tr|^| 2 = o) . (145) 

Since this potential is non-negative, global minima are precisely the Minkowski 
vacua. These conclusions are clearly not valid for four- dimensional anti-de Sitter 
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space, which seems to demand a choice for a such that a/y 7 ^ is independent of 
the external coordinates. 

Using the formulas from appendix IA.2I and I A. 31 it is possible to show that the 
conditions (j 144)1 ensure that the full set of Einstein equations are satisfied if 

0*V,a,A a = -le*\G 3 \l (146) 



2 

,2 



9 

64 



- I £ ( Sm - ltr(AM^ fc )^ fe )5 6 (x m - x m ) + Q 3 X] 56 (** - **) 

V 5*6 Vbranes ' fc=l / 

To show this one has to use the fact that T?~ Rnx = for purely IASD (or ISD) G 3 , 
as was noticed in [2E]- Imposing ()144)) . the equation determining the warp factor 
([HO)) is actually equivalent to ()142j) . 

The other equations of motions are not too difficult to find. The equation for 
$ is 

>3 



|=8, (/V^*) = \(e*\F™\l-e-*\ H ™\l) (147) 

' ' branes 



This equation imposes a vanishing of the dilaton tadpole. By four-dimensional 
Poincare invariance the right-hand side of the equation has to integrate to zero. 
An IASD 3-form fulfills \Fs\ 2 = e~ 2 ^\H^\ 2 and therefore the YM potential must 
vanish, tr|jF| 2 = 0. Thus, the solutions of the constraint coming from the Einstein 
equations are compatible with the vanishing of the dilaton tadpole. 

To summarize the logic: Asking for a Minkowski vacuum leads to ()139j) with 
m 2 = 0, combining with ()141j) implies (j 144)1 and is compatible with Rij = at 
constant dilaton. We are then dealing with a warped product of a Calabi-Yau or 
torus and Minkowski space, where the warp factor is determined via ()146)) . which 
is equivalent to (|142|) . The situation described above is a variant of the known 
no-go theorems of [SU E2 E3 IMj • Several escape routes are at least in principle 
known: In an anti-de Sitter vacuum, a positive term would appear on the right- 
hand side of ()139j) that could balance the vacuum energy of the potential terms. 
If higher curvature corrections to the action were considered the semi-definitness 
could also be spoiled and de Sitter solutions may exist as well. Perturbative or 
non-perturbative 03] corrections to the effective potential also appear to modify 
the conclusions drawn above. Finally, one may also want to allow an explicitly 
time-dependent background [9"2*] . 
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4.3 Large volume scaling limit: separation of mass scales 



The solution given by the conditions ()144j) is too simple to fix all the metric moduli; 
e.g. it always leaves the overall volume of the internal space as a free parameter. We 
will later come back to the possibility to fix also this by adding world- volume gauge 
fluxes on higher-dimensional branes. For the moment, one can observe that, like 
in |21j . the relations that determine the solution are all invariant under constant 
rescaling of the metric. This is in accord with the form of the effective potential 
despite the fact that both terms in (jllOj) scale differently under t/y — > tgij. The 
reason is that for a Minkowski vacuum both terms have to vanish separately. This 
agrees with the results of [331 El where the no-scale structure of the gauged four- 
dimensional M = 4 supergravity theory, that is the effective description of the 
present scenario, was demonstrated explicitly. 

While the scale-independence of (jl44|) is unfortunate in that it does not lead to 
a fixing of the volume modulus, it has been argued to allow for a limit of paramet- 
rically large volume where the warping becomes insignificant |2~T] I28|. In this limit, 
one can perform a standard dimensional reduction of the action to four dimensions. 
Then (IllOj) really takes the role of an effective potential of a theory obtained by 
expanding around a given solution to the equations of motion. This is justified by 
inspection of (J142)) (or alternatively of (J139)) ): The metric factors on the left-hand 
side of (J142|) scale like on the right-hand side like t~ 3 . As and are 
just constants, the warp factor itself has to go as 1 +t~ 2 at large t. This argument 
is, of course, only valid away from the positions of the branes and planes. Ignoring 
the contributions from these regions one can then set A to a constant in the large 
t limit and derive the effective potential (jllOj) by dimensional reduction. In this 
situation, it appears challenging to find ways to stabilize the volume modulus in 
the effective theory that is only valid at very large volume. Given a correction to 
()110|) that fixes the volume, one would need to make sure that this is done at large 
enough values that the effects of the warping are still negligible. In principle, it 
would of course be much nicer if one could do a reduction without using the scaling 
argument by explicitly including the warp factor, similar to 

The scaling argument can also be used for branes of higher dimensions. In 
order to neglect the warp factor at large t the contributions of all relevant types of 
matter on the right-hand side of the Einstein equations have to fall off faster than 
t~ l . The tension of an arbitrary Dp-brane (in Einstein-frame) leads to 



Here g± indicates the determinant of the metric restricted to the normal bundle of 
the brane. If the metric is constant this is the transverse volume. S av then scales 



V ~ 7 n P e 
8 



(p-3)*/4 






(148) 
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like 9 )/ 2 and p < 7 is required for the scaling argument to work. 

The validity of the approach in addition requires a separation of the flux- induced 
masses and the masses of KK modes that have been neglected throughout. It has 
been argued in [HI Elj that the ratio of masses induced by the 3-form flux and the 
KK masses scales like 

(m 3 „ flux : m KK ) = (iT 3 : iT 1 ) , (149) 

where R denotes the dimensionless (average) radius of the background torus. Thus 
also from here we see that we need a large volume, this time to ensure a decoupling 
of the KK states. The same reasoning is still true in the case at hand since the 
additional second term in the potential (jllOjl does not introduce any new mass 
terms for the geometric moduli. This is due to the fact that J 7 ^ ' 2 ^ vanishes in the 
background, independently of the geometric moduli. Thus the masses only depend 
on the 3-form flux, as is also apparent from the mass formulas in [47. . This would 
be different if one considered higher- dimensional branes with internal world- volume 
fluxes, to which we come back in the next section. In that case one would expect 
an additional mass scale from the world-volume fluxes, similar to the situation in 
the heterotic string discussed in P and an intermediate scale appears, below the 
KK but still above the 3-form flux scale: 

(^3-fiux : rn 2 - Rux : m KK ) = (R~ 3 : R~ 2 : R' 1 ) . (150) 

5 Generalization of the open string sector 

In this final section we want to go beyond the well-defined framework of the model 
obtained from type I by T-duality, and allow higher-dimensional D-branes of even 
dimension and with internal world-volume gauge fluxes. This means we use 

*5 = fij + r*°AA°j . (151) 

instead of (|51)l . The constant flux parameters = f^T a take values in the Cartan 
subalgebra of the gauge group. They characterize a non-trivial gauge bundle on the 
world-volume. It is well known that the open string boundary conditions with con- 
stant fluxes change from Dirichlet to mixed Dirichlet-Neumann conditions. This 
implies that performing two T-dualities on a Dp-brane wrapping a two-dimensional 
torus with flux f 12 ^ turns it into another Dp-brane of identical dimension, but 
with the flux inverted. Therefore, introducing such gauge fluxes into the original 
type I string theory, assuming a factorization of the background into T 6 = (T 2 ) 3 
for simplicity, could have taken us to a T-dual theory with D3, D5, D7 or D9- 
branes (depending on the number of internal directions with world-volume flux) 
wrapping 0, 2, 4 or all directions of the T 6 after the duality, and with non-trivial 
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gauge fluxes on their world- volume. At the same time, the 09-planes would still 
map to 03-planes. The D5, D7 and D9-brane charges then have to cancel among 
the branes, so that some of them need to carry negative charge as well and behave 
as anti-branes. This leads to the conclusion that there are no supersymmetric 
vacua with non-trivial world-volume flux in a flat background on a torus, which 
is in accord with the known fact that the toroidal type I compact ification with 
world-volume gauge fluxes on D9-branes, that has been of some phenomenological 
interest recently, does not have a supersymmetric ground state jHS]- To achieve a 
better behaved model one may consider orbifold compactifications which also have 
07-planes in addition to the 03-planes. In this case supersymmetric configurations 
of D9-branes with world- volume fluxes do exist [HH ESI HUH EZ]- 30 Here we content 
ourselves with studying a few general properties of D9-brane flux vacua to obtain a 
rough impression of the effects of warping and perspectives for moduli stabilization. 

In the presence of internal gauge fluxes, we have to use the DBI effective action 
including terms with higher powers of J 7 , since in the presence of world-volume 
fluxes the higher powers in T contribute to leading order in a derivative expansion 
of the effective action. Furthermore, some of the CS corrections in utj are no 
longer higher order and need to be incorporated into the action as in (|97jh On 
the other hand, the full DBI effective action can only reliably be used for an 
abelian gauge group. Therefore we now pass to a U(1) N gauge group by turning 
on Higgs fields. In this way we lose the possibility to produce chiral matter in 
various representations, which is one of the main motivations to be interested in 
this variant of the model [9% | l99 [ HOOj . However, as said above, here we are mainly 
interested in the prospects for moduli stabilization. To simplify the notation we 
also restrict ourselves to D9-branes, using 



as effective world-volume action. Considering D5- or D7-branes should pose no 
further difficulties and would lead to similar conclusions. 



5.1 Supersymmetry and ^-symmetry 

In this section we discuss the conditions for preserving world-volume supersym- 
metry on D9-branes in the simultaneous presence of 3-form fluxes and 03-planes 
in the background. In their absence they are given by the calibration conditions 

30 This type of models, combined with 3-form fluxes, has been considered recently in [451 146| . 




(152) 
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found in [TUT] . 



The background bulk fields are not only required to satisfy the conditions ()144j) 
in order to solve the equations of motion, but we also impose G3 ASD to be of type 
(2, 1) and primitive [23 EZj to preserve supersymmetry. One then finds that in 
this background there is a Killing spinor that can be expressed as a covariantly 
constant spinor rescaled by a scalar function only [73], 

e = A-^r] . (153) 

The background is 1/2 BPS, since rj also satisfies a chirality projection. In general, 
world- volume supersymmetry of D-branes in non-trivial backgrounds is preserved if 
the supervariations can be absorbed by K-symmetry variations. This is translated 
into the projection 

re = e , (154) 

where T = r(P[(?],jF) is the K-projector, an operator depending on the pull-back 
of the (warped) metric and the gauge field strength T, and e is a Killing spinor of 
the background bulk theory. Explicitly, the K-symmetry projector is defined by 

r = e~ a ' 2 (r ... p ® ia 2 ) e a/2 (155) 

with 

a = ]^Y, l3 E\E j B T AB ® a 3 = W^^P 45 <g> a 3 , 
Yij = "arctan"^) , 9ij = S AB EfEf , (156) 

where "arctan" is explained in [102 , to which we refer the reader for further infor- 
mation on the notation and techniques. The details do not play a prominent role in 
our discussion here. The important point for us is the existence of a Killing spinor 
of the type ()153j) in a background of supersymmetric 3-form fluxes and 03-planes, 
a rescaled (covariantly) constant Killing spinor. Neglecting the backreaction of 
the D9-branes themselves, one can use this Killing spinor to derive analogous cal- 
ibration conditions as found in jlOlj by just modifying the background metric via 
inclusion of the warp factor. A simple example with a flat background = 5ij 
has been studied in |103| . 

5.2 Calibrated branes 

We are now ready to apply the results of |101| to find the supersymmetry conditions 
for D9-branes with world-volume gauge fluxes in a given background of 03-planes 
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and 3-form fluxes. It is then required that the purely holomorphic components of 
T vanish and that 



e ie ^det( gij + Tij) dx\ A ... A dx s = -(J + iff , (157) 

cos( ^ {h J A J A T ~ A JPA j = sin( ^ [h. J A J A J ~ A T A J 

hold for some phase # on all the D9-branes. J = A J now stands for a rescaling of 
the Kahler form J of the Calabi-Yau. For non-trivial A this J is not closed. The 
background 03-planes (and any possible 07-planes) are calibrated with an angle 
9 = 3tt/2. If one neglects the warp factor, i.e. uses A = 1, an overall world- volume 
supersymmetry can be preserved by adopting the same angle for all the D9-branes 
as well. It is important to note that fixing 9, induces an implicit dependence of the 
Kahler moduli on T . The scalar potential for the Kahler moduli in the Einstein 
frame reads 



V DB i~/ v /det(^ + ^e-*/ 2 )= / R e (^(J + ^e~*/ 2 ) 3 ) . (lis) 

JMo V JM 6 V 6[ 



One further needs to impose the charge conservation constraint, which now includes 
the open string CS interactions figC^ A ch(jF), such that ()141J) is modified to 

64 

dF 5 = F 3 A H 3 + 2k 2 10 /i 3 Q 3 Y^ ^ + 2/4^ Yl J~ A J- A J 7 , 

k=l branes 

which leads to the condition 

3(4^ ^L/ ATAT = 32 (159) 

v ' branes J M 6 

Similarly, the couplings of RR 8-form potentials in the open string CS action 
leads to a tadpole constraint involving J 7 , which states that the sums of the effective 
RR 7-brane charge has to be zero. As already said above, in order to fulfill ()157j) 
for all branes with the same angle 9 one would have to depart from the flat torus 
example or to include 07-planes via an orbifold construction as in I4b'j . Then 
(fToTJ) together with Gf D = ensures the vanishing of the total potential energy 
and ()157|) degenerates into 

JAJAJ = 3JAJ 7 AJ 7 (160) 

for any individual stack of branes. This constraint ensures the balancing of the 
9-brane and 5-brane tensions, while 3- and 7-brane charges and tensions are un- 
constrained and only cancel upon adding the O-planes. It fixes the overall radius 
in an obvious manner. The natural scale for its value is however of the order of 
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yW, with a constant of proportionality given by a combination of flux numbers. 
As one should maintain the splitting of scales ()150|) it would be required to have 
hierarchically large flux quantum numbers, which by ()159j) would demand some 
"integer fine tuning" to cancel the tadpoles. Furthermore, once the volume mod- 
ulus gets fixed at a finite value, the warp factor is not trivial anymore. Writing 
J = A J for closed J one sees that (jl60|) can not be fulfilled anymore. It would 
actually be equivalent to J 3 = A -2 J A JF 2 , where the left-hand side is closed and 
the right-hand side not. 

This probably does not mean that the volume modulus cannot be stabilized in 
this way, since the qualitative stabilization mechanism due to the balancing of the 
9-brane and 5-brane tensions should still take place. On the other hand, it seems 
that the non-trivial warp factor leads to a breaking of supersymmetry, once the 
volume is fixed. A similar result has been found in [103j. However, for a com- 
plete analysis one would also have to take into account the backreaction of the 
background towards the presence of the D9-branes and possible 07-planes. This 
would probably lead to a significant modification of the calibration condition (j!57|) 
but one should expect the above results on the stabilization of the volume to be 
qualitatively true also in the full story jUJ EHj . 
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A Technicalities 



A.l Conventions and notation 

Tangent-frame indices are generally denoted J, J, ... = 0, ... ,9, which decompose 
into ... = 4, ... ,9 and /i, v, ... = 0, ... ,3. Once we complexify coordinates, we 
use m,n, .... We use the following standard conventions for differential forms: For 
tt p e /\ P T*M 10 , M 10 = M 4 x T 6 , write 

Q p = ^-Q h Iv dx h A • • • A dx Ip , 
pi 

\n P \ 2 = ^ h ... Ip n h - lp , (i6i) 

where complex forms obviously refer to the complexified cotangent bundle, for 

n {n,P-n} e t * r4 x ff-n r^je analogously 

^ P ~ n} = „ 1 A ... Mnn ... ip _Jx^ A • • • A dx^ A dx^ A • • • A dx**-" , 
p n\yp — n)\ p 

\Q{n,P-n}\2 = q jy* ... » n h ... i p _n . ( 162 ) 

Ten- dimensional Hodge duality is defined by 

* % = p]{1 Q_ p) , ^ - Jp / P+1 - Jio"a .../ P ^ Jp+1 A ■ ■ ■ Arfx 710 , (163) 
and the six-dimensional Hodge star is given by 

f*fi ^ n ' 6 -P+"} = 1 e U-j p -n . . Q (IQA) 

l* rl Vi/ll.../ J „jl...36-p+n (p_ n )l Jl-.J6-p+n S '/il ... /i„W ... Ip-n " l 1U ^J 

We also define derivative operators 

For the totally antisymmetric tensor e we use the convention 

ei...D = ±VgE, e 1 - D = -^, (166) 

\/9d 



with (yf/j being the (absolute value of the) determinant of the metric and the sign 
depends on the signature of the metric. 
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A. 2 Einstein equations with warp factors 

In this appendix we give the results for the Ricci tensor of a general warped metric 
ansatz 1)133)1 . With that ansatz the Christoffel symbols are found 

pM _ jV _ -pi _ n 

up up ' ij jiy w ' 

= -i ^ ln(A) , = iff^A-^a,- ln(A) , 

lifc = r} fc + \ {5}d k ln(A) + fifa ln(A) - £^ ln(A)) . (167) 

This leads to 

Rpu = Rpu + \gpu^ l - h (p'Vidj ln(A) - 2(1 - b)g ij di \n(A)d j ln(A)) 

= ^ + ^A 1 - 36 ^V i (A 2 ( b - 1 )a 7 -lB(A)) , 
Rij = J R ii + 2(l-6)V i 9 i ln(A) + (6 2 -26-l)(^ln(A))(6» j ln(A)) 

+6(1 - b)g l3 g kl d k ln(A)^ ln(A) - h -g l3 g kl V A ln(A) , (168) 

where Vj involves the Christoffel symbols f * fc . We define the energy momentum 
tensor for some action S[g] by 



T denoting its trace Tjjg IJ , and the Einstein equations are then written 

1 _ - - 1 

"10 



-n-Ru = S IJ} S u = Tu- -guT . (170) 

Kin 8 



In a flat Minkowski vacuum {R pv = 0) the trace of the space-time components 
then always takes the form 

(A 2 ^d j ln(A)) = ]A 3b ~ 2 (T^gT - % 3 9 %3 ) ■ (171) 

From this follows the famous constraint [HI] that the right-hand side, with the 
given warped ansatz and without higher derivative terms in the action, has to in- 
tegrate to zero. Thus, whenever it is positive or negative definite, it has to vanish, 
which then implies the absence of fluxes and warp factors. 
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A. 3 Energy momentum tensors 

In this section we give the explicit forms of the energy momentum tensors of the 
various background contributions referring to the ten-dimensional action (|HH|) in 
the Einstein-frame. The only Poincare invariant background form fields we turn on 
are the internal components of the 3- form, i.e. the fluxes gI°' 3 \ and the components 
Fg 4 ' 1 ^ and F^ ' 5 ^ (i.e. we do not consider any background for the RR axion that 
would be needed in discussing D7-brane solutions, cf. |90j). The 5-form ansatz has 
to be self-dual and was given in (|132|) . It satisfies F 5 = (1 + *)da A dx° A ... A dx 3 , 
such that we have in particular |-F 5 | 2 = 0. For these fluxes one finds the following 
contributions to the energy momentum tensor, 

A — 3b 

= -=^vicf 3} \l , (172) 

= — 9nu(dia)(dja)g lJ , 

4K io5'4 

^7-5-flux _ ! / 1 / j? \ (jp\ n KO n LP n M Qn NR 

j ~ Ik 2 " \ ^\} t ^' iKLMN ^ t5 >i 0p Q Rg 9 9 9 

_ 1 (\ 
V 2 ' 

Note T 3 f &vx g ij = T I 5 J - finx g IJ = 0. If one specializes to b = 1, a = -A~ 2 and 
9\u> = f]p,v one can rewrite (jl68|) into [ZHj 

R,u-4 T^ = ^A- 4 ^V^(A 2 ) , 

%-^ 5 " flux = 4' - ~ft,A- 2 ^V^(A 2 ) ■ (173) 

This is the starting point for the self-dual 3-brane solution. In the background the 
only allowed components of the open string gauge fields are J r ^°' 2 \ From ()134|) we 
then get for the open string sector 

n-op t-1-ten , <rYM 

1 J J — I J1^~ I J. 



-gij(d k a)(dia)g - {d i a){d j a 



-ij — x u t *u 

branes 

2~ 



Tfiy — 9y.v& ^ ^ tr|J^ ^|^s m <5 {x m x m ^j 



branes 

-YM _ A*3 *JW 



t ym = J^ e * g ki trpuffl) Srn 5\x m - x m ) , (174) 

V96 ^ 



branes 
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where we added the correction from the non-abelian DBI action to the tension. 
For orientifold planes we write 

T™ = -^g^jT5\x k -x k ), 7™ = 0. (175) 

One then also has Tj Y j M g IJ = 0. 

A. 4 T-duality of RR forms 

In this section we specialize the rules for dualizing RR forms given in [77] to the 
case relevant in this paper. The essential step is to replace a RR p-form fl p with a 
state 

qHp-i} ^ 1 ( Ifif/'VJ i dx" 1 A ■ ■ ■ A dx>*> )V ilf • • • V W |0) , (176) 
P (p — q)\\q\ ^■■■^i 11 - l p~q l Y r i / ' v / 

where ^ and ^ are raising and lowering operators 

W\ ^} = 5) , {ft, ^} = = ^} , (177) 

acting on a vacuum with ipi\0) = and (0 1 0) = 1. The elements of the duality 
group, A G 0(6, 6, R), then act on the space of states ()176|) via operators A, whose 
action on (ip^ip) = (ip 1 ^ , ipj) . . =1 g is given by 

A = ( c d) : (A^A^ 1 , AM" 1 ) = W,1>) (c d) ■ (178) 

At the same time, the internal components of the metric (in our case of vanishing 
internal NSNS -B-field) transform according to 

Gh (AG + B){CG + D)- 1 . (179) 

We are interested in just one particular element that corresponds to inverting the 
radii of all d = 6 circles. This is in fact not a completely well specified operation, 
since the signs that can appear in the mapping of the RR forms depend on the 
order in which the circles are dualized. In view of ()179j) we choose the element A 
with A = D = and B = C = 1q, where denotes the six-dimensional unity 
matrix. This element is given by 31 

A = Ar---A 6 , A-=^-^, (180) 

which satisfies A 2 = — 1 and 

A^A" 1 = ^ , A^A" 1 = fa . (181) 

31 In terms of the notation used in [77] this corresponds to A = C . 
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The action of A on a given RR form ()176|) can then be obtained from 

(6-n)! 



A^t . . . ^»t| ) = ^ . . . ^ A |0) = 1-J ^^.^Wit . . . ^6t| ) , (182) 



where e has been introduced below (TH3I) . 



B Kinetic and CS terms for the scalars (C, 



Ajijkl 

The kinetic terms for the scalars (C^ijki given in (jlB]) (however without 3-form 
flux) and the Chern- Simons terms of (}3T?j) are also derivable directly by a reduction 
of the truncated type IIB action. In this section we calculate them in a similar 
fashion as is done e.g. in j2Hl IHTj . We start with the pseudoaction of type IIB 
string theory without imposing the self-duality of the 5-form field strength, reduce 
it to four dimensions and afterwards impose the self-duality by adding a suitable 
Lagrange multiplier. The relevant part of the ten-dimensional action is 

S = I F 5 A *F 5 - I C 4 A dB 2 A dC 2 + ■ ■ ■ . (183) 

° K 10 J 4k io J 

The field strength F 5 is defined as in (|SJ), i.e. after the truncation to the T-dual 
type I' theory 

F 5 = (dC^ + (dC 4 ) {3 ' 2} _ l B {iA> A {dC2 ){^} + ho^ 1} A (dB 2 )W . (i 84) 

This corresponds to expanding C 4 as 

C, = Cf' 2] + cf A] . (185) 
The self-duality condition for F 5 gives 

(dC,)^ = * ((dC 4 ){ 3 > 2 > - ^ 2 {1 ' 1} A (dC 2 )W + ^C 2 {1 ' 1} A (d£ 2 ) {2 < 1} ) . (186) 

Plugging ijTOjl and ([TSKjl into (jTT^jl we obtain 

oK 10 j U A Z 



A * 



(dC,)W _ 1^,1} A {dC2 )W + Ic 2 {1 ' 1} A (dl?^ 2 ^ 



1 



4k 2 



+ (dC 4 ) {1 ' 4} A*(^4) {1 ' 4} ) 
C?' 4} A (di^ 2 ' 1 * A (dC 2 )W . (187) 
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In order to implement the self-duality condition (|186|) we add the Lagrange multi- 
plier Cf 4} 

SS = J (Ft 2} + A (dC 2 )^ - \c™ A (dB 2 )^) A (dC 4 )^ . 

(188) 

The equation of motion for C^ 0,4 ^ implies 

F 5 {3 ' 2} = (rfC 4 ) {3 ' 2} - l -B^ 1} A (dC 2 )W + hj^ l] A (di^ 2 ^ . (189) 

On the other hand, the equation of motion for F 5 ' in combination with the 
self-duality condition (jl86j) leads to the identification of {dC^ 1,4 ^ and (dC^ 1 '^ 

(dC 4 ) {lA} = (dC 4 ) {1 ' 4} . (190) 

Using this in S + 5S gives (after a partial integration) 

5 = -V /(^4) {M} A*(rfC 4 )^ + -V f(dC 2 )^A(dB 2 )^ACl 0A} , (191) 
4k 10 7 2fc 10 7 

which obviously coincides with (}3*9~j) and the kinetic term for Cj 0,4 ^ in ()45|) in the 
absence of fluxes. 

Let us also mention here that it is not straightforward to modify this procedure 
to include also the 3-form fluxes. If one just naively plugs the ansatz with 3-form 
fluxes into the action ()183|) . one has to replace 



(dC 4 ){i>4} - (dC 4 ) {1 ' 4} - l -B^ l} A (dC 2 )^ + l -C^ l] A (dB 2 )^ (192) 
in ()184j) . (|18(jjl and ()187j) . In addition one gets a further Chern-Simons term 

- tV / C l 2 ' 2} A ((dB 2 )^ A (dC 2 )^ - (dC 2 )^ A (dB 2 )^ 3 A . (193) 

One immediately runs into trouble now when one considers the equation of motion 
for C^ 2,2 }. It is given by 

d {l,0} + ^{3,2} = _ (rfjB2 ){2,l} A (dC < 2 ){0,3} + ( dC - 2 ){2,l} A ( rfjB2 ){0,3} ? (1 g 4) 

which, however, is not consistent with the self-duality condition (|18fij) after per- 
forming the substitution ()192j) . This would require a factor 1/2 on the right side 
of (HMD , as 

d {i,o} F; {i,4} = 1 (rfj g 2) {2,i} A ( d c 2 ){°' 3 > + ^(dC,)* 2 ^ A (dB 2 ){°' 3 > . (195) 

This formula is consistent with the {2, 4}-component of the Bianchi identity 

(dF 5 )^ = -(dB 2 )W A (dC 2 ){°< 3 > + (dC 2 ) {2,1} A (dB 2 )^ , (196) 
as the latter actually gets two contributions. Only one is from 

d {i,o} F {M} i The 

other one comes from and is identical to the first one. 
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C The self-dual type I action 



Due to the fact that the conventional formulation of the CS action of D-branes 
involves RR potentials of all (even) degrees (in type IIB) [63J, it might seem more 
appropriate to start with a formulation of type I supergravity that is democratic in 
the appearance of the RR fields C 2 and C 6 . Its closed string part could be obtained 
by quotienting world-sheet parity out of the democratic version of type IIB, whose 
RR sector was given in and which is also much better adapted to make the 
invariance of the type IIB action under T-duality explicit. We did not follow this 
approach because the introduction of the superfluous degrees of freedom is only 
needed in a discussion of the correct treatment of the CS-terms appearing in the 
D3-brane action, cf. section |2~H For the derivation of the T-dual action performed 
in chapter 121 it is actually not necessary to work with this democratic formulation. 
Nevertheless, we give it here for completeness and because of its relevance for the 
discussion in section EH 

The self-dual type I action which contains Ci and C§ democratically is given 

by 32 

<S S eif-duai = A" / d 10 xV^(e-^(R + 4d^d^)-^\F 3 \ 2 -^\F 7 \ 2 ) 

d l \^e-^ti\r\ 2 (197) 



2^ 2 o 



We have included terms dC p A uJg- p stemming from the Chern-Simons action C p A 
ch(jF) of the 9-branes. In analogy to F 3 we then define 

k 2 

F 7 = dC 6 - -fuj 7 . (198) 

9lQ 

The normalization of the D9-brane CS terms is exactly one half of the ordinary. 
In addition to this action the duality condition 

* F 3 = -F 7 (199) 

has to be imposed after deriving the equations of motion. This procedure is jus- 
tified primarily by checking that the equations of motion and Bianchi identities 
that result from the self-dual action become identical to the standard equations 
derived from (j2J) plus the D9-brane interaction dC<i A uj 7 ^ after imposing the con- 
straint ()199J) . This requirement lead us to introduce the slightly exotic interaction 
u 7 A u; 3 . 33 



32 Actually, as already mentioned in the main text, in the presence of the W7-terms it is not 
consistent to just keep the quadratic term \ J-\ 2 in an expansion of the DBI action. It is understood 
that further terms would have to be added in a rigorous treatment. 

33 Such terms are, however, familiar from anomaly cancellation, see e.g. formula (A. 14) in |104| . 
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Let us also check that the action (|197|) really reproduces the old action (J2J) plus 
D-brane Chern-Simons term after the duality constraint (jl99j) has been eliminated. 
Thus we add the Lagrange multiplier term 



8S = -—J- / dC 2 A dC e = -—J- / dC 2 A (F 7 + -g-u 7 ) . (200) 
The equation of motion for F 7 is just 



K. 



2 

10 , 



* F 7 = -F 3 = -dC 2 + -fu 3 , (201) 

i.e. F 3 has the same dependence on C 2 as F 3 has on C 2 . Comparing with (|199j) 
and using ** = 1 for a form of odd degree in an even- dimensional space-time of 
Lorentzian signature, we see that 

F 3 = F 3 . (202) 
Using this and (j201|) to eliminate F 7 leads to the original action 

Si = d 10 x^(e- 2 *(R + 4d^d^)-±\F 3 \^ 

l -r- I rf 10 xV=^e-*tr|JF| 2 - _L [ dC 2 Au 7 (203) 

2^10 J m J 

involving only the RR 2-form C 2 including the properly normalized Chern-Simons 
action of a D9-brane. 

On the other hand, one may want to integrate out C 2 in place of Cg. Instead 
of QUOD we add 

5S = f dC 2 A dC 6 = / (F 3 + A dC 6 . (204) 

The equation of motion of F 3 is given by 

* F 3 = dC 6 + • (205) 

9io 

Comparing this with ()199)) now leads to the relation 

dC 6 = -dC 6 . (206) 
With the help of ()206j) and (|2()5jl we can eliminate F 3 and get 



S " = <f°xV^(e- M (R + 4d^dPQ)-±\F r \ 

' Jl0„ / ~ -$4.. I Tl2 



, . d lu a;V=0e-*tr|.F| i! - —J- I F 7 Alu 3 (207) 
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In particular there is now an extra Chern-Simons term of the form 

1 



2gl 



u 3 A cu 7 . (208) 
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